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Background

The Utility Battery Storage Systems Program
(UBS) of the U.S. Department of Energy (DOE), Office
of Energy Management (OEM), is conducted by Sandia
National Laboratories (SNL). UBS is responsible for
the engineering development of integrated battery sys-
tems for use in utility-energy-storage (UES) and other
stationary applications. Development is accomplished
primarily through cost-shared contracts with industrial
organizations. An important part of the development
process is the identification, analysis, and charac-
terization of attractive UES applications.

The results of the Utility Systems Analyses element
of the UBS Program are used to identify utility-based
applications for which battery storage can effectively
solve existing problems. The results will also specify
the engineering requirements for widespread applica-
tions and motivate and define needed field evaluations
of full-size battery systems.

For several years, battery energy storage has pre-
dominantly been considered a load-leveling and peak-
shaving resource, and its potential for use in other utility
applications has been largely overlooked. The fast-re-
sponse capability of battery energy storage systems
combined with other characteristics, such as modularity
and ease of siting, makes this technology eminently
suitable for providing support to the entire utility net-
work for several applications such as spinning reserve,
frequency control, and deferral of transmission and dis-
tribution facilities. Until now, the benefits and eco-
nomic value of battery energy storage only for load-
leveling and/or peak-shaving have been well under-
stood, But the applietion of battery storage and the
methodology to evaluate its benefits in the other, non-
load-leveling applications has not been as well docu-
mented. The Electric Power Research Institute (EPRI)
estimated a range of benefits for these applications from
general utility information. More specific benefit infor-
mation derived from utility planning scenarios and op-
erating conditions is necessary to demonstrate the feasi-
bility of this technology for a wide range of utility
applications. The widespread application of this tech-
nology by the utility industry is predicated on the avail-
abilityy of this information base.

Thus, the objective of the SNL effort was to under-
take a set of studies that would identify numerous appli-
cations for batteries and estimate their value in the util-
ity network. There were two possible approaches that
could be adopted for performing studies to achieve these
objectives:

● examine the needs of utilities on a regional
basis to identify all possible applications in

or

●

which battery energy storage can play a role
and estimate the value

examine specific utility networks and identify
potential battery energy storage applications
within each network and estimate the related
benefits.

The results from each approach would have differ-
ent meanings and would be interpreted accordingly. A
study performed on the basis of the first approach would
yield estimates of the value of battery energy storage at
the regional level, based not on the requirements of a
particular utility, but on collective, regional conditions
derived from general assumptions.

The second approach would be more focused, and
identify real applications and estimate the value of the
battery system based on utility-specific conditions and
assumptions. The results of a study based on this ap-
proach would be immediately applicable to the host
utility, while preserving the possibility that they are also
applicable to other utilities with similar operating con-
ditions. The results obtained from the second approach
were deemed to be more valuable for the DOE/SNL
UBS program and the utility community as a whole, and
it was decided to structure the systems studies along
those lines.

Utility Selection and Study
Guidelines

Utilities with a diverse ownership structure and op-
erating conditions were selected to gain insight into
their processes for evaluating and implementing tech-
nology options such as battery energy storage. The
utilities that were finally selected included:

● Investor-owned utility - San Diego Gas& Elec-
tric (SDG&E)

● Rural electric cooperative - Oglethorpe Power
Corporation (OPC)

● Municipal electric association - Chugach Elec-
tric Association (CEA)

● Public power administration - Bonneville
Power Administration (BPA)

Figure 1 shows the utility locations.

Each of the four utilities either had an active interest
in battery energy storage or had a strong potential for
benefiting from its use. Cost-sharing was required from

SPECIFIC SYSTEMSSTUDIES 1
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all utilities except BPA. SNL’S share of the cost for
each study and an approximate cost share from the utili-
ties is shown in Table 1. This table also shows the start
dates of each study. The studies were conducted by
utility industry contractors who specialize in serving the
utilitica invoked in the study.

The study period was initially limited to no more
than 3 mo. It was felt that a longer duration could lead
to a lengthy, iterative refinement proceaa with ever-
changing input assumptions and plaming scenarios in
an attempt to obtain better and more accurate results,
whereas the 3-mo time limit established a firm deadline
and forced the use of only one set of assumptions and
deferred refinement of results to future studies. In prac-
tice, the studies extended beyond this planned 3-mo
duration, This delay was not caused by the length of
time required for the analysis, but by delays in obtaining
input information and feedback from utilities as the
studies progressed.

The findings of each study are summarized in the
following subsections. More complete reports for three
of the four utilities form the appendices of this docu-
ment.

Chugach Electric Association
Decision Focus, Inc. - S. J. Jabbour

This section describes the results of a screening
study to determine the benefits of adding megawatt-
scale battery energy storage to the CEA system. Gener-
ation, transmission, and distribution benefits of storage,
with a primary focus on benefits that are typically diffi-
cult to quantify, are addressed. The potential benefits to
the costs of adding battery storage are also compared.

The CEA analysis was primarily performed by De-
cision Focus, Inc., with support from Power Technolo-
gies, Inc., in the areas of transmission and distribution
benefits.

Findings

Generation Benefite

Generation benefits were calculated for six repre-
sentative days in each of 1994, 1996, and 2000. Pro-
jected system operation was based on MAINPLAN
(utility system computer simulation) runs. ‘Ihe benefits
were calculated for five gas-fired combustion turbine
units whose operation is most likely to be affected by the
addition of batteries to the system. ‘he focus was on
using batteries to provide spinning reserve,

Load-Leveling

Because the marginal units on the CEA system are
typically gas-fired combustion turbines for all hours, the
system marginal energy costs do not differ much be-
tween on-peak and off-peak hours. Coupled with the
assumed battery efficiency of around 80%, this means
that no load-leveling savings could be achieved on the
CEA system.

Dynamic Operating

For each of the 18 days, the potential reductions in
load-following, minimum-loading, and start-up costs
were calculated for each of the five generation units;
reductions in these costs are achievable even though the
battery is used only to provide spinning reserve. The
most cost-effective unit for recommitment was identi-
fied on each day. A value of $40 to $70/kW-yr of bat-
tery capacity, levelized in current dollars, appeam ap-
propriate for dynamic operating benefits; this estimate
was derived by calculating change from the MAIN-
PLAN results that would be made possible by the addi-
tion of battery capacity. Of this total, more than two-
thirds is from reduced minimum-loading costs, and the
remainder is from reduced load-following costs.

Tabie 1. Utiiity-Specific Systems Studies

Utility Sandia Contract Utility Cost Share Start Date End Date

San Diego Gas & Electric $46K Yes 8/91 12/92

Oglethorpe Power Corp. $47K Yes 7/91 11191

Chugach Electric (Alaska) $43K Yes 9/91 1/92

Bonneville Power $70K No 2/91 11/91
Administration

SPECIFIC SYSTEMSSTUDIES 3



Addition of battery storage to the CEA system
would be effective in reducing load shedding. The
amount of the reduction would depend on the size of the
battery. An approximate calculation indicates that the
value of the reduced load shedding could be $8 to
$16/kW of battery capacity per year.

Tranemieeion and Distribution Benefii

Current CM transmission and distribution (T&D)
facility expansion plans were reviewed to identify T&D
investments that might be avoided or deferred as a result
of adding battery storage to the CEA system. Several
such investments were identified. The most attractive
opportunities are at the Huffman, Hillside, and Gird-
wood substations and at the village of Hope. Based on
a qualitative review of these investments and compari-
son with more detailed analyses for other utilities, po-
tential T&D benefits of $20 to $200/kW of battery ca-
pacity appear reasonable. This is equivalent to a T&D
benefit of $3 to $27/kW of battery capacity per year.

Cost/Benefit Analysis

Table 2 summarizes the findings. Summing the ca-
pacity (value of displacing other capacity additions),
generation, reduced load shedding, and T&D benefits
yields Ievelized current-dollar savings of $81 to
$183/kW-yr, compared to a levelized current-dollar cost
of $50 to $60/kW-yr. Note: For the purposes of this
study, the cost estimates used are from EPRI’s Techni-
cal Assessment Guide (TAG, 1989). The total cost is
$703/kW for a 3-hr battery, including land cost. Reduc-
ing the storage component in the TAG cost estimates for
a 3-hr battery by two-thirds yields an estimated cost of
$350/kW for a l-hr battery. With a levelized fixed
charge rate of 13.7%, this is equivalent to $50 to

batteries would be a cost-effective addition to the CEA
system.

Some benefits may be mutually exclusive. The in-
teractions between the various benefits, that is, whether
they are additive or mutually exclusive, depends on
storage size, location, system load profiles, and load
profiles at individual substations and on individual T&D
lines, how the system (including the battery) is operated,
and on any equipment deferred as a result of adding
batteries,

Recommendations

Based on the results of this screening-level study, it
is recommended that CEA consider the addition of bat-
tery storage to its system. This screening study focused
only on the benefits of batte~ storage and it was not
intended to calculate the cost of the battery system that
would provide these potential benefits. A follow-on
feasibility study that would provide a preliminary cost
estimate of the battery system and include a detailed
study to verify and refine the findings of this initial
screening study by calculating the benefits more pre-
cisely is recommended. Such a study should include the
following aspects:

● T&D expansion studies should be carried out,
with and without batteries. Potential sites for
installing batteries should be identified. Inter-
actions among the various benefits should be
considered to ensure that batteries are not being
justified on the basis of benefits that may be
mutually exclusive.

● More detailed calculation of generation-dy-
namic operating costs and benefits should be
carried out, including examination of multiple
weeks of system operation during each of a

Table 2. Benefits Summary for CEA System

Category Annual Benefit ($/kW-yr)

● Capacity 30-70
● Generation 40-70

Dynamic Operating (Spinning
Reserve/Unit Recommitment)

“ Reduced Load-Shedding 8-16

TOTAL 81-183

4 SPECIFIC SXYTWS STUDIES



larger number of years than was considered
here. Such calculation should fully account for
changes in system operation as load grows and
should identify all possible operation savings,
not only those that arise when a unit is com-
pletely decommitted.

● Comparative evaluation of the economics of
battery storage with other capacity additions
under consideration by CEA should be carried
out. Such detailed study would also allow a
better assessment of the “optimum” battery size
and the best time for adding the battery plant to
the CEA system.

“ Identify a preferred site for locating the battery
based on the findings above. Based on these
findings, develop the conceptual design of the
battery system and estimate its cost. Perform a
cxxWbenefit evaluation based on the total bene-
fits and battery system cost.

These recommendations were provided to CEA at
the conclusion of this study.

San Diego Gas and Electric
Decision Focus, Inc. - S. J. Jabbour

This section describes the results of a screening
study to determine the benefits of adding megawatt-
scale battery storage to the SDG&E system. Genera-
tion, transmission, and distribution benefits of storage,
with a primary focus on benefits that are typically diffi-
cult to quantify, are addressed. The potential benefits to
the costs of adding battery storage are also compared.

The SDG&E analysis was primarily performed by
Decision Focus, Inc., with support from Power Tech-
nologies, Inc., in the areas of transmission and distribu-
tion benefits.

Findings

Generation Beneftis

Generation benefits were calculated for eight days
during 1990 and 1991, one weekday and one weekend
day for each season, using actual SDG&E data. The
benefits were calculated for five gas-fired steam turbine
units whose operation is most likely to be affected by the
addition of batteries to the system. Two modes of bat-
tery operation were considered: daily charge/discharge
with a 3-hr battery, and provision of spinning reserve

only with a l-hr battery. The spinning reserve mode
appears to be more cost-effective.

Load-Leveling

Because the marginal units on the SDG&E system
are typically gas-fired steam turbines for all hours, the
system marginal energy costs do not differ much be-
tween on-peak and off-peak hours. With the assumed
battery efficiency of 80%, this means that no load-level-
ing savings could be achieved on the SDG&E system.

Dynamic Operating

For each of the eight days, the potential reduction in
load following, minimum loading, start-up, and spin-
ning reserve costs was calculated for each of the five
units. The most cost-effective unit for recommitment
was identified on each day. For the 1990-1991 period,
the savings were about $23 to $26/kW-yr of battery
capacity; the biggest component of the savings is from
reductions in load-following costs. That is, each kilo-
watt of battery capacity would reduce annual system
operating costs $23 to $26. Accounting for inflation
and increases in natural gas prices, this is equivalent to
an annual savings of about $50, levelized in current
dollars, per kW/yr. The savings are likely to increase in
the future as load growth forces increasing utilization of
less economic units.

Environmental

Storage in general, and batteries in particular, has
the potential to shift the type and location of emissions
of NOX, SOX, and C02; NOX is of greatest concern in
Southern California. Even if providing only spinning
reserve, batteries have the potential to reduce NOXemis-
sions by allowing the system to be operated more effi-
ciently. The addition of batteries to the system might
also make it unnecessary to retrofit expensive pollution
controls to an existing gas-fired unit, if that unit’s opera-
tion would be sharply reduced as a result of adding
batteries. These benefits could be worth up to about
$20/kW of battery capacity per year.

Transmission and Distribution Benefits

This project identified the potential role battery
storage could play in providing equal or better perform-
ance than other T&D options, such as adding new T&D
facilities and equipment. Current SDG&E T&D facility
expansion study results and transmission and distribu-
tion system design practices were reviewed with
SDG&E personnel to identify anticipated and poten-
tially needed transmission additions.

SPECIFIC SYSTEMSSTUDIES 5



The findings of this initial study indicate that strate-
gically installing battery storage on the SDG&E system
may result in large T&D system benefits up to
$1,200/kW, equivalent to as much as $200/kW of bat-
tery capacity per year. The actual magnitude of the site
specific T&D benefits and corrcaponding battery stor-
age requirements should be determined on a case-by-
case basis from more detailed analysis. Further analysis
should include the development of load profiles for sub-
stations that are candidate battery sites so that the num-
ber of hours of storage required for equipment deferral
can be determined.

Cost/Benefit Analysis

Table 3 summarizes the findings. Summing the ca-
pacity, generation, environmental, and T&D benefits
yields levelized current-dollar savings of $100 to
$370/kW-yr, compared to a levelized curcent-dollar cost
of $60 to $130ikW- yr. These values suggest that batter-
ies would be a cost-effective addition to the SDG&E
system.

Some benefits may be mutually exclusive. The in-
teractions between the various benefits, that is, whether
they are additive or mutually exclusive, depends on
storage size, location, system load shapes, and load
shapes at individual substations and on individual T&D
lines, how the system (including the battery) is operated,
and on any equipment deferred as a result of adding
batteries.

Recommendations

Based on the results of this screening-level study, it
is recommended that SDG&E consider the addition of
battery storage to its system. A detailed study to verify
the findings of this initial screening study and to calcu-
late the benefits more precisely is recommended. Such
a study should include the following aspects:

●

●

●

More detailed calculations of generation-dy-
namic operating costs and benefits should be
carried out, including examination of multiple
weeks of system operation during the course of
the year and consideration of how system op-
eration, and especially the operation of
marginal units, is likely to change in the future.

Detailed T&D expansion studies should be car-
ried out, with and without batteries. Potential
sites for installing batteriea should be identi-
fied. Interactions among the various benefits
should be considered to ensure that batteries are
not being justified on the basis of benefits that
may be mutually exclusive.

Comparative evaluation of the economics of
battery storage with other capacity additions
under consideration by SDG&E should be car-
ried out.

Such detailed study would also allow a better as-
sessment of the “optimum” battery size and the best time
for adding the battery plant to the SDG&E system.

Oglethorpe Power Corporation
Power Technologies, Inc. – H. K. Clark

The methodology for the OPC study consisted of
evaluating and quantifying the reasonable benefits at-
tainable from the battery storage application and com-
paring the total benefits against the cost of the battery
storage system. Several benefits and the particular
characteristics of the OPC system were reviewed and
analyzed including:

● Load profile with and without direct
trol,

● Future generation expansion plan,

load con-

Table 3. Benefits Summary for SDG&E System

Category Annual Benefit ($/kW-yr)

● Capacity 40-75

● Generation
Load-Leveling o
Dynamic Operating 50-75

“ T&D 10-200

● Environmental 1-20

TOTAL 101-370

6 SPECIFIC SYSTEMSSTUDIES



● Role of pumped hydro storage and its impact on
load leveling,

● Cost of purchased power and energy,

‘ Future transmission projects,

● Future distribution projects,

● Radial transmission lines/substations,

“ Need for backup power source.

Five specific substation locations within the OPC
system for battery storage to defer T&D projects were
selected for this study: Habersham (H), Egypt (E), Sa-
tilla (S), Vidalia (V), Warrenton (W). The battery sizes
used for these five locations are shown in Table 4.

The results of a benefit-to-cost comparison are pre-
sented in Figure 2. The methodology used for benefit-
to-cost comparison is essentially based on calculating
the present worth of all the annual cost savings/benefits
accruing due to the battery and the annual cost of own-
ing and operating the corresponding battery plant.

Only four major benefits due to battery storage are
included in these benefits-to-cost ratios. They are:

● Generation capacity,

● Transmission deferment,

“ Distribution deferment,

“ Value of service or cost of outage.

‘he battery storage application identified in this
study is mostly in the form of a backup or reserve
source. It is not used in the general sense of load level-
ing, A generation capacity (kW) credit based on a 10-hr
discharge rating is applicable. This battery kW (based
on 10-hr discharge rating) is essentially a generation
reserve source. A 10-hr discharge rating is used so that
even if this reserve is called upon during the annual peak
load condition, the battery will be able to provide the
power (kW) equal to the credit it has received for the
longest peak load period of 10 hr. Thus, for example, a
1O-MW, l-hr battery is given a credit of 1 MW. The
cost of the battery credit is based on the least expensive
generation alternative, which is a combustion turbine.
The annual cost savings from avoiding the investment in
this generation is credited to the battery.

The transmission credit is computed on the basis of
the cost of deferring T&D projects. The actual capital

Table 4. Selected Battery Sizes

OPC Substation Locations (designated by letter code)

H E s v w

MWh 7.5 26.0 9,0 217.0 218,0

MW 1.5 6.5 1.5 31.0 43,6

hr 5 4 6 7 5

+CA I

I----------------------------------------------------------------l

‘iimm iWATIONS -”

Figure2. ComparisonofBenefitsto Costfor Five BatteryLocations.

SPECIFIC SYSTEMSSTUDIES 7



cost expenditure is considered to be postponed by a
number of years. The annual cost savings due to the
postponement is credited to the battery benefits. The
distribution benefits are also calculated similarly.

The fourth and last benefit computed in this study is
the value of service or cost of outages. The interruption
cost, or value of service (VOS) data, is considered to be
suitable to relate the worth of service reliability to the
cost of service. The VOS or outage costs depend upon
type of load, frequency and duration of interruption, and
timing of the interruption. However, some of these
costs have a wide range. The cost range for l-hr inter-
ruption has been reported in the literature.

The actual cost or VOS used in this study is shown
in Table 5. For each of the five types of battery app@-
tions analyzed in this study, it is assumed that the total
amount of energy not served or kWh interrupted per
year is equal to the total battery kWh rating. This means
that, on the average, the sum of energy supplied to the
customers by the battery during the interruptions over a
period of 1 yr is equal to its total energy rating.

After computing benefits, the battery storage sys-
tem costs were calculated. For the battery alone, a dif-

ferent life is used than for the entire battery storage
plant. The operating and maintenance (O&M) cost used
is 0.25% of the capital cost. Amortizing the capital cost
is levelized over the plant life. The salvage value of the
battery is included in computing the levelized annual
cost. The replacement cost of battery cells is included
as needed. The converter and balance of plant (BOP)
are assumed to have a 30-yr life and no salvage value.

The benefit-to-cost ratio for batteries application at
five different locations for T&D deferment was com-
puted. The percentage benefit of the four applications is
shown in Figure 3.

● Backup source (considering cost of outage,
VOS, or value of unserved energy) credit was
the most significant benefit from battery stor-
age. In terms of customer loads on the
OPC/electric membership corporation (EMC)
system, the poultry industry loads are consid-
ered to suffer high damage when service
interruption occurs. Hence, some of these egg
hatcheries and chicken farms currently provide,
or plan to install, backup diesel generation.
Application of a 7,500-kWh, 5-hr discharge rat-
ing battery at Hollywood substation showed a

Table 5. VOS or Outage Cost for 1-hr Interruption

$/kWh Not Served

Low High

Residential 0.05 5.00

Industrial 2,00 53.00

Commercial 2.00 35.00

Poultry and Eggs 0,12 5.68

100
90
80
70
60
50
40
30
20
10
0

-/l I 1

H E s Vw

BATTERY LOCATIONS

m G!3J W TRANSMN - DE.TRBTN ~ BACKUP

Figure3. Percentof Benefti for FiveBatteryLocations.
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benefit-to-cost ratio of 1.5. This was one of the
highest benefit-to-cost ratios obtained in this
study.

● Whenever there is an outage on a radial line, an
interruption of semice occurs. If the line is in-
accessible or has difficult terrain, repair of the
line may be difficult and the corresponding out-
age may be lengthy. One such example
selected for this study was application of a bat-
tery for backup instead of building a second
transmission line. The benefit-to-cost ratio is
1.26 for this case. This substation is an attrac-
tive location (out of the five analyzed) for the
battery and deferment of a second transmission
line.

“ A third substation was selected for evaluating
the deferment of a new distribution trans-
former. The benefit-to-cost ratio turned out to
be 0.62. The generation capacity credit was the
largest, followed by the backup source credit,
with distribution credit being the least. No
transmission deferment was used in this exam-
ple. A higher backup source credit in lieu of a
new transmission line credit may be warranted
here. The VOS has to be $8.00/kWh for break-
even of benefit-to-cost ratio as compared to
$2.61/kWh (used in the base case for the ratio
of 0.62).

● Deferment of an additional 140-MVA,
220/1 15-kV transformer at two substations was
evaluated. The benefit-to-cost ratios were 0.57
and 0.54, respectively. Because of parallel
230-kV and 115-kV lines contained by these
substations, oversize battery storage capacity
was needed to provide a given load reduction
on the existing transformers. Hence, the bat-
tery and its cost would be about twice that
required to reduce load on a radially connected
transformer, in which case the benefit-to-cost
would be nearly break-even.

In addition to base cases, several sensitivity analy-
ses were performed for the highest benefit-to-cost appli-
cation. The sensitivity analysis included changing the
following parameters, one at a time:

● Battery cost,

“ Converter and BOP cost,

● Battety life,

● Salvage value,

● Value of sewicelcost of outages,

● Extended distribution benefits.

In the first case, the battery’s cost can be 60%
higher than the base case for the value of benefits to
equal the cost of battery storage. In the second case, the
PCS and BOP cost was doubled, and this reduced the
balance-to-cost ratio from 1.49 to 1.27. These two sen-
sitivity cases show that the battery cost has a higher
effect on the overall cost as compared to the converter
and other costs.

In the third case, the battery life was reduced to 10
yr from 15 yr. This means two battery replacements are
included in this case as compared to only one battery
replacement in the base case. The benefit-to-cost ratio
decreased from 1.49 to 1.42, which is not a substantial
reduction. Thus, there may be economic advantages in
improving the cycle life of lead-acid batteries, but the
chronological life is not significant as compared to the
battery cost itself.

In the fourth case, the salvage value was doubled
from 20%. Surprisingly, the benefit-to-cost ratio in-
creased to 1.68. This may be partly explained by the
escalation used in computing replacement battery cost.
Essentially, the salvage part of the battery cost is esca-
lated by 4.5% because at the end of battery life, the
trade-in value of the batteV is assumed to be equal to the
salvage percentage of the new battery cost.

The fifth sensitivity case involved the value of serv-
ice or backup source credit. As noted earlier, this item
contributed most to the battery benefits. This VOS may
be about 50% of the base case for the break-even cost.

In the sixth sensitivity case, the distribution benefits
were extended to 30 yr. The base case showed the dis-
tribution transformer deferment for 10 yr only. Because
the batteV can be moved to another location, similar
distribution benefits may continue to acrue. This case
shows an increased benefit-to-cost ratio of 1.58. The
cost of moving the battery and any change in value of
service are not recognized in this case.

Recommendations

Battery energy storage at substations with radial
feeds and/or serving critical customer loads may have
positive benefits for OPC. OPC has approximately 24
such sites that could be candidates for further, more
detailed analysis to determine the benefits of battery
energy storage at these sites. A follow-on feasibility
study that includes the conceptual design of site-specific
battery system(s) and further refines the value of the
benefits at each site was recommended to OPC.

SPECIFIC SYSTEMSSTUDIES 9



Bonnevile Power Administration
Puget Sound Area
Power Technologies, Inc. – H. K. Clark

In 1989, planning studies at BPA revealed that ma-
jor additions to the existing transmission system across
the Cascade Range might be required in the mid-nine-
ties. The studies indicated that 1,600 MW of expected
growth in the Puget Sound area peak load between 1993
and 2003 would result in voltage stability problems on
the highly stressed 500-kV system across the Cascadea.

BPA engineers identified 10 possible solutions to
the problems. l%ese included a new double-circuit 500-
kV line across the Cascades, and up to 600 MW of
combustion turbine (CT) capacity in the Puget Sound
area. Some partial solutions included water heater fuel
switching, time-of-use rates, water heater controls, low-
flow shower heads, conservation, curtailment, and volt-
age support equipment.

SNL initiated this battery application study to deter-
mine if battery energy storage could compete with the
options being considered by BPA, especially if it could
defer a 500-kV transmission line or displace CT capac-
ity.

Combustion Turbine Displacement

The daily winter load profile in the Northwest helps
make battery energy storage attractive. The load profile
from two days of particular concern to BPA are shown
in Figure 4. The February 3, 1989, peak is the more
difficult one for a battery because it is relatively flat.
However, even on this day, the peak could be reduced
200 MW by a battery with just 1.35 hr of storage. A
400-MW peak reduction would require 2.2 hr of storage.

~ 1.0 I
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&’ 0.9 ‘.
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‘.

. --------
‘3 ‘.
n 0.7 .’ ‘\ -
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‘.
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E
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Figure4. LoadShapesfor High-LoadDaysofCon-
cern to BPA.

One of the problems with the use of CTs to address
the Puget Sound voltage problem is that they cannot be
started quickly enough to prevent voltage instability
following loss of a major 500-kV line. Henee, they
must be running when load is high. This adds signifi-
cantly to the cost of the CT option. Batteries can be
switched on and brought to full power in seconds.

A benefit of CTs is that they “firm up” BPA energy
commitments. That is, they allow BPA to commit to
firm energy deliveries that can be served largely from
hydro plants. Should water shortages occur, the CTs
can be used to meet those obligations,

Based on recent SNL estimatea of battery and con-
verter costs and the instant on-off capability of batteries,
batteries could provide the needed peak shaving at less
coat than CTS. However, batteries cannot firm up hydro
energy sales as ean CTS, and thus cannot compete with
this significant CT benefit.

Cross-Cascades 500-kV Line Deferral

The 500-kV line across the Cascades was the sec-
ond target of the battety application study. However,
continuing BPA studies revealed an opportunity to sub-
stantially boost the capacity of the existing 500-kV sys-
tem by adding one 500-kV substation, a 20-mile section
of 500-kV line, several large shunt capacitor banks, and
two static var compensators. These additions, com-
bined with conservation and load management, have
deferred the need for combustion turbines and the new
cross-Cascad~ 500-kV line indefinitely. Further, the
cost of these options is less than 30% of the cost of the
line. Further study of this option and its cost was de-
ferred because BPA had already commited to the con-
st ruction of this project.

Local Benefits of Battery Energy Storage

Batteries need not be located in high-voltage sub-
stations to provide transmission benefits. Battery en-
ergy storage ean be more attractive if it is divided into
small units and placed close to customer loads to reap
further benefits. The potential for this in the Northwest
was assessed through discussions with utilities served
by BPA in the Puget Sound area. Interesting applica-
tions in which batteries might relieve the cross-Cas-
cades transmission problem and provide local benefits
are as follows:

“ Boeing Wind Tunnel -At the time of the study
Boeing was planning a 300-MW wind tunnel in
the Puget Sound area. The facility would re-
quire power rising at 150 MW/min during
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start-up and deaying at 150 MW/min during
shutdown. However, utilities in the Northwest
limit customer load variations to 50-MW/min.
A battery could be discharged during wind tun-
nel start-up and charged during shutdown as
shown in Figure 5 to reduce load changes to
50-MW/min. A 5-rein battery would suffice,
though cell life may dictate a somewhat larger
battery. The converter rating would be about
125 Mw.

“ Aluminum Plants - BPA serves two aluminum
plants through the Seattle City Light (SCL) sys-
tem. Batteries at the aluminum plants could
reduce the risk of very costly aluminum cell
freeze-up during power outages. A 30-min bat-
tery would prevent freeze-up. The MW level
necessary to prevent freeze-up was not deter-
mined.

“ Distribution Feeder Thermal Limits - SCL de-
signs 26-kV feeders for a 600-A maximum
capacity (27 MW) and routes them to carry 300
A during winter cold snaps. Each feeder can
thus provide backup to one other feeder. How-
ever, in one area, feeders and their associated
substation are reaching full capacity, and the
load continues to grow. One battery, centrally
located, could serve a number of feeders. The
necessary battery MW rating and storage time
were not determined (depends on load profile).

● Fuel Cells - SCL is looking at fuel cells as a
possible long-term solution to the increasing
load density in the city. Because fuel cells are
dc devices, they might share a power converter
with a battery. This would reduce battery en-
ergy storage cost, and allow energy from the
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Figure5. TypicalWind‘Ihmel LoadProfileandBat-
tery EnergyRequiredto LimitLoadChangesto50
MW/min.
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fuel cell to be stored at night when the system
load is low.

Big Six Customers - Some of SCL’S large cus-
tomers have highly variable loads and thus are
subject to demand charges to cover the extra
generation and transmission equipment associ-
ated with such loads. Batteries could smooth
out this load. Sizes were not determined.

Tacoma Public Utilities - Load is largely com-
mercial and residential; however, an industrial
pocket in the tide flats includes Occidental Pe-
troleum (90 MW), Penwalt (60 MW), and
others. As much as 400 MW of cogeneration
may be developed in the tide flats area, along
with 250 MW in the Fredrichsen area. Voltage
regulation is an increasing problem in the area,
but may be solved by cogeneration. Batteries
may provide reliability, load smoothing, and
voltage regulation benefits in this area.

Whidbey Island - The island load is largely
residential and is growing. It is fed by two
115-kV lines at the north tip. The 115-kV lines
are long and subject to occasional failure. A
28-MW diesel-driven generator is run to regu-
late voltage when one line is out and supply
some of the island load when both lines are out.
Rotating blackouts are used to share the diesel
among all customers. The diesel cannot be
fully loaded because of feeder “cold load
pickup.” A 230-kV line extending onto Whid-
bey Island will help after 1995, but reliability
will still be low by Puget Power standards. The
best solution, a cable tie between Whidbey Is-
land and the Seattle area, would cost about $10
million. A batte~ could supply the 10- to 20-
min “cold load” portion of the last feedem to be
picked up, thus increasing the load the diesel
can serve. It could then smooth the load to
further increase diesel loading. A 5- to 1O-MW
l-hr battery would be needed.

Power Plant Black Start - Puget Power has
some power plants that cmld be restarted more
rapidly after a blackout if a nearby source of
power were available.

Generation Benefits of Battery Energy
Storage in the Northwest

Discussions were also held with BPA and Puget
Sound area utilities to identify generation benefits of
battery energy storage. All of the utilities have hydro
plants that provide highly flexible scheduling to maxi-

SPECIFIC SY.!lT~S STUDIES 11



mize economy and impose few generation constraints
on operation.

Conclusions

There are limited opportunities at present for bat-
tery energy storage plants to capture large benefits in the
Puget Sound area by deferring major transmission and
CT investment because less costly alternatives have
been identified. Also, the usual generation benefits of
energy storage are not available in the Northwest.

Batteq energy storage may, however, still have a
place in the study area at the sub transmission and distri-
bution level. It could be attractive by providing distri-
bution system benefits and displacing some of the more
costly alternatives that will be used to defer major trans-
mission and CT investment.

Battery energy storage may also provide a hedge
against failure of some of the less well-proven alterna-
tives to major transmission and CT investment. For in-
stance, if conservation, fuel switching, or load manage-
ment do not limit peak load growth as expected, batter-
ies could be installed quickly and on short notice to
serve peak load.

Evaluating the cost-effectiveness of battery energy
storage in an environment where there are no large
benefits is difficult. It requires careful scrutiny of the
many possible beneifts that can be derived from battery
attributes (see Table 6). This, in turn, requires close
cooperation of all persons or organizations that may
recognize a benefit from the installation. In the Puget
Sound area, this would include at least several depart-
ments within BPA, several from one of BPA’s client
utilities, and, perhaps, one or more from an industrial
customer.

Table 6. Battery Attributes

No-CostStart/Stop
Fast Response (kW and kvar)

Four-Quadrant Operation (simultaneous
kW and kvar)

Unmanned (Remote Control)

High Reliability/Availability

Low Maintenance

Short Lead-Time Installation

Low Environmental Impact (Siting Flexibility)

Limited Space Requirement (Siting Flexibility)
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EXECUTIVE SUMMARY

This report describes the results of a screening study to determine the benefits of adding
megawatt-scale battery energy storage to the Chugach Electric Association (CEA) system. The
report addresses generation, transmission, and distribution benefits of storage, with a primary
focus on benefits that are typically difficult to quantify. The report also compares the potential
benefits to the costs of adding battery storage.

BENEFITS OF BAITERY ENERGY STORAGE

The addition of a storage unit to a utility system can provide a wide range of benefits
that depend on the characteristics of the individual utility, the manner in which the storage unit
is operated, and its siting within the utility network as well. Generation load-leveling has long
been advocated as the primary reason for adding storage to a utility’s generating mix. The most
obvious benefit and the easiest to quantify, load-leveling results in the replacement of expensive
peak power with cheaper power from base-load plants, increasing the capacity factor of the base-
Ioad plants during off-peak periods to displace the use of premium oil/gas fuels during on-peak
periods. In the past several years, generation dynamic operating benefits (DOBs) have also been
recognized as significant benefits of storage plants. The types of benefits include those accruing
from the provision of spinning reserve, reduced minimum loading, and fast response rates.
These benefits are overlooked hi conventional methods. Another commonly recognized benefit
from storage in general, and batteries in particular, is reduction in transmission and distribution
(T&D) costs. T&D benefits are due in part to the siting flexibility and in part to the rapid
response times for batteries. T&D benefits include deferral of T&D investment, reduced losses,
and voltage regulation, as well as others.

CEA FINDINGS

Generation Benefits

Generation benefits were calculated for six representative days in each of 1994,1996, and
2000. Projected system operation was based on MAINPLAN runs. The benefits were calculated
for five gas-fired combustion turbine units whose operation is most likely to be affected by the
addition of batteries to the system. The focus was on using batteries to provide spinning
reserve.

Load-Leveling. Because the marginal units on the CEA system are typically gas-fired
combustion turbines for all hours (usually the Beluga and Bemice Lake units), the system
margiml energy costs do not differ much between on-peak and off-peak hours. Coupled with
the assumed battery efficiency of around 80 percent, this means that no load-leveling savings
could be achieved on the CEA system.
R2199a Ikd$lal*s Inm?ponted



S-2 Executive Summary

Dynamic ‘Operating. For each of the 18 days the potential reduction in load following,
minimum loadin& and startup costs was calculated for each of the five units; reductions in these
costs are achievable even though the battq is used only to provide spinning reserve. The most
cost-efktive unit for decommitrnent was identified on each day. A value of $40 to $70 per kW-
year of battery capacity, levelized in current dollars, appears appropriate for dynamic operating
benefits. Of this total, more than two-thirds is from reduced minimum loading costs, and the
remainder is from reduced load following costs..

Reduced Load Shedding

Addition of battery storage to the CEA system would be effective in reducing load
shedding. The amount of the reduction would depend on the size of the battery. A very
approximate calculation indicates that the value of the reduced load shedding could be $8 to $16
per kW of battery capacity per year.

Transmission and Distribution Benefits

Current CEA transmission and distribution facility expansion plans were reviewed to
identify T&D investments that might be avoided or deferred as a result of adding battery storage
to the CEA system. Several such investments were identifkl. Based on a qualitative review of
these investments and comparison with more detailed analyses for other utilities, potential T&D
benefits of $20 to $200 per kW ,of battery capacity appear reasonable. This is equivalent to a
T&D benefit of $3 to $27 per kW of battery capacity per year.

COST/BENEFIT ANALYSIS

Table S-1 summarizes the findings. Summing the capacity, generation, reduced load
shedding, and T&D benefits yields levelized currentdollar savings of $81 to $183/kW-year,
compared to a levelized current-dollar cost of $50 to $60/kW-year. 1 These values suggest that
batteries would be a cost-effective addition to the CEA system.

Some benefits may be mutually exclusive. The interactions between the various benefits,
i.e., whether they are additive or mutually exclusive, depends on storage size, location, system
load shapes, load shapes at individual substations and on individual transmission and
distribution lines, how the system (including the battery) is operated, and on any equipment
deferred as a result of adding batteries.

1. For the purposes of this study, the cost estimates used are from EPRI’sTechnical Assessment Guide (TAG, 1989).
The total cost is $703/kW for a 3-hour battery, including land cost. Reducing the storage component in the TAG cost
estimates for a *hour battery by two thirds yields an estimated cost of $350/kW for a l-hour battery. With a
Ievelized fixed charge rate of 13.7 percent, this is equivalent to $50 to SO/kW-year for a l-hour battery. While these
estimates are acceptable at this stage, actual system cost information from the Puerto Rico Ektric Power Authority
20 MW battexy project are discussed in the subsection of Section 1 titled ‘The PREPA 20 MW Battery Pro@t.”
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Table S-1
BENEFITS SUMMARY FOR CEA SYSTEM

category Annual Benefii ($/kW-year)

Capacity 30-70

Generation
Load Leveling o
Dynamic Operating 40-70

Reduced Load Shedding 8-18

T&D 3-27

TOTAL 81-183

RECOMMENDATIONS

Based on the results of this screening-level study, it is recommended that CEA seriously
consider the addition of battery storage to its system. A detailed study to verify the findings of
this initial screening study and to calculate the benefits more precisely is recommended. Such
a study should include the following aspects:

1. More detailed calculation of generation dynamic operating costs and
benefits should be carried out, including examination of multiple weeks
of system operation during each of a larger number of years than was
considered here. Such calculation should fully account for changes in
system operation as load grows, and should identify all possible operation
savings, not only those that arise when a unit is completely decommitted.

2. Detailed T&D expansion studies should be carried out, with and without
batteries. Potential sites for installing batteries should be identified.
Interactions among the various benefits should be considered to ensure
that batteries are not being justified on the basis of benefits that may be
mutually exclusive.

3. Comparative evaluation of the economics of battery storage with other
capacity additions under consideration by CEA should be carried out.
Such detailed study would also allow a better assessment of the
“optimum” battery size and the best time for adding the battery plant to
the CEA system.
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INTRODUCTION

This report describes the results of a screening study to determine the benefits of adding
megawatt-scale battery energy storage to the Chugach Electric hociation (CEA) system. The
report addresses generation, transmission, and distribution benefits of battery energy storage,
with a primary focus on benefits that are typicaUy difficult to quantify. The potential benefits
are compared to the costs of adding battery storage to determine the cost-effectiveness of adding
battery energy storage to the CEA system.

BENEFITS OF BAITERY ENERGY STORAGE

The addition of battery energy storage to a utility system can provide a wide range of
benefits that depend on the characteristics of the individual utility, the manner in which the
battery storage unit is operated, and its siting within the utility network as well. Generation
load-leveling has long been advocated as the primary reason for adding storage to a utility’s
generating mix. The most obvious benefit and the easiest to quantify, load-leveling results in
the replacement of expensive peak power with cheaper power from base-load plants, increasing
the capacity factor of the base-load plants during off-peak periods to displace the use of
premium oil/gas fuels during on-peak periods.

In the past several years, generation dynamic operating benefits (DOBs) have also been
recognized as significant benefits of battery energy storage plants. The types of benefits include
those accruing from the provision of spinning reserve, reduced minimum loadin~ and fast
response rates. An EPFU reportl provides compelling evidence on the importance of dynamic
operating considerations. The three major conclusions of the EPRI report are as follows:

■ A large portion of the operating costs of cycling power plants results from
fluctuating electric loads. These costs are called dynamic operating costs.

■ Technologies that offer operating flexibility at minimal costs (e.g., energy
storage power plants) provide power systems with significant operating
cost savings. These savings are called dynamicoperatingIwnef?fs.

1. Dynamic OperatingBenefitsofEnergyStorags,EPIU APA1875.
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1-2 Introduction

■ A large fraction (up to two-thirds) of the savings provided by technologies
with significant operating flexibility are overlooked in conventional
methods.

Another commonly recognized benefit from storage in general, and batteries in particular,
is reduction in transmission and distribution (T&D) costs. T&D benefits are due in part to the
siting flexibility and in part to the rapid response times for batteries. T&D benefits include
deferral of T&D investment, reduced losses, and voltage regulation, as well as others.2

Another category of benefits is what might be termed strategic benefits, those that relate
primarily to the changing environment in which utilities operate. This includes reduction in
environmental emissions, greater abflity to transact power with other utilities and with non-
utility generators, and greater flexibility in general.

This study quantifies the benefits of battery storage in the first two categorie~eneration

and T&&for the Chugach Electric Association system. It then compares these benefits to the
costs of adding lead-acid battery storage.

LEAD-ACID BAITERY TECHNOLOGY

The major elements of a lead-acid battery energy storage plant are the battery, the
converter, and the balance of the plant. During charging, alternating current electricity is
converted to direct current electricity by the converter and stored electrochemically by the
battery. During discharge, direct current electricity is drawn from the battery and converted to
alternating cunent electricity for use on the utility grid. Figure 1-1 is a schematic of a battery
energy storage system.

Utility battery storage systems consist of commercially available lead-acid cells similar

to those used in submarines or large telephone switching installations. A typical cell size is 5

to 10 kWh. Many cells are combined in a battery unit, with typical storage times of 1 to 5 hours
and power capacities of 2 to 100 megawatts. For example, the 4-hour capacity lead-acid battery
storage plant at Southern California Edison Company’s Chino substation has a capacity of 10
MW; the battery consists of 8256 cells, each measuring approximately 16 in. (41 cm) long, 14.5
in. (37 cm) wide, and 25 in. (65 cm) high, and weighing about 585 lb. (266 kg). The cells are
supported on steel frames in groups of 6 to form 12-V modules. The battery is connected to the
SCE system at 13.8 kV.

2. PotentiulEconomicBen@s of Battery Storageto ElectricalTransmi.sswnand Distribution Systems,EPIU GS-6687.

3. Research is under way on a number of advanced battery systems, including sodium sulfur, zinc bromine, and
others. ln this report, however, we focus on and use costs for the one technology that is commercially available now:
lead-acid batteries.
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Figure 14. Battery Energy Storage System

The AC-DC converter consists of electronic quipment similar to that

(AC) TO

}
utility

(AC) Grid

used in large
uninterruptible power supply (UPS) systems, and in wind, photovoltaic, and fuel cell power
generation systems. The balance of the plant consists of the structural, mechanical, electrical,
control, and safety subsystems required to perform system integration and interface of the
battery to the utility system.

Battery energy storage plants are truly modular and can be installed quickly, enabling
them to match load growth much more easily and accurately than larger, custom-built, site-
specific plants. Construction time for a lead-acid battery plant is less than one year. Batteries
are compact, quiet and non-polluting, so they can be sited near population centers. They can
operate efficiently over a wide range of loads, and are actually more efficient at part load than
at full load. They can also respond to load changes in just 20 rnillkconds.

Table 1-1 provides cost and performance data for battery storage sizes of 3 and 5 hours,
installed at a 20 MW plant. These data are from the EPRI Technical Assessment Guidew.

BAITERY ATTRIBUTES

Ratings

Batteries have two key ratings. One is the power rating (kW or MW). It is the maximum
power that the battery can provide for an extended period during the discharge part of its cycle.
The power rating is dictated by the lowest continuous rating among the components that make
up the system: the cells, the busbars, the converter, or the converter transformer. In an
optimized design all components will have about the same continuous capability. However, the
converter is usually the most limiting device and the one with the least margin. While cell life
will be reduced somewhat when a battery is operated above its power rating, GTOs in the
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1=4 Introduction

converter may fail at a power level as little as 10% above their rating. The converter controls
are thus designed to prevent converter overloading.

Table 1-1
LEAD-ACID BAITERY COST AND PERFORMANCE DATA

Three Hour Fwe Hour

Plant Capital Cost, Dec. 1988 $AW
Power charging/discharging
Storage
Startup, inventory, land
Total capital requirement

Operation and Maintenance Costs, Dec. 1988$
Fixed, $/kW-yr
Incremental, mills/kWh

Energy Requirements (kWh Output/kWh Input)
Full load
25%%load
Average annual

Plant Construction Time, Years

Unit Life, Years

125
510
16

651

0.6
8.6

0.73
0.78.
0.74

1

30

125
727
21
873

1.4
6.5

0.76
0.79
0.76

1

30

The maximum continuous charge power level is dictated by the same considerations, and
is thus usually the same as the power rating. Note, however, that in practice the charge rate
may be lower than the rating to increase battery life if low-cost energy is available over a period
sufficient to fully charge the battery at the lower rate.

The second battery rating is its energy storage rating (kWh or MWh). The storage rating
is the energy that the battery can provide to the system during a normal daily discharge. In
current designs the energy rating is usually 80% of the energy the battery could provide if
discharged fully. The energy rating is solely a function of the individual cell ratings and the
number of cell strings in parallel. The battery energy rating can be increased by adding parallel
strings of cells.

The batteries produced to date have not been given an overload rating. However,
batteries, buswork, transformers, and circuit breakers will all tolerate some overload. Though
a converter cannot be significantly overloaded, a converter could be oversized to take advantage
of the overload capability of other components.

Call Types

Two types of lead-acid cells are in use. The one first used in utility energy storage
applications is the ‘flooded’ cell. It is typically 14 to 18 inches square and 24 to 30 inches tall.
It has a vent on the top covered by a filter so that only hydrogen escapes from the battery. The
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Southern California Edison installation uses flooded cells, as will the 20 MW battery that will
be installed in Puerto Rico in 1993.

The second type is the “sealed” or “Valve Regulated” Lead Acid (VRLA) battery which
is a relatively recent derivative of the traditional “flooded” cell battery. In this design the
electrolyte is immobilized as a gel or absorbed in a glass mat between the positive and negative
plates of the cell. This allows the battery to be sealed and removes the need for water addition
during its operating life. The sealed construction offers greater flexibility in configuring the
layout of a battery energy storage plant while reducing O&M costs. San Diego Gas & Electric
recently purchased a 210kW/420kWh VRLA battery for a commuter trolley peak-shaving
demonstration project which is expected to commence operation by mid-1992. This project will
be the first use of a VRLA battery in a utility application. The selection of a VRLA battery was
driven by the limited land availability at the project location. A comparable flooded cell type
of battery would not have been able to meet the restrictive space requirements.

Cycle and Battery Life

The normal ‘load-leveling’ cycle for a battery is a diurnal one in which the battery is
charged at night and discharged to follow load during the day. In most load-leveling
applications, batteries are cycled only on weekdays. In spinning reserve applications there are
no regular chargedischarge cycles, but the battery is discharged to replace generation lost due
to an unscheduled outage. In some special applications, such as frequency regulation, multiple
shallow chargedischarge cycles may occur over periods of minutes or hours.

Batteries can be cycled daily to ‘shift’ load from peak hours to off-peak hours. However,
because battery life is reduced as the depth of discharge is increased, there is an optimum depth

. of discharge for each application. The optimum depth occurs where the incremental benefit of
load-leveling equals the cost of incremental battery loss of life. Though the relationship of the
depth of discharge and life loss is not well defined, current practice with flooded cells is to limit
the depth of discharge to 80% of the fuiJ battery capacity (the battery rated capacity may be
defined as the capacity that can be used regularly while achieving a stated battery life).

Sealed batteries presently have a shorter life than flooded cells for the same depth of
discharge. New designs may reduce this difference in performance between the two types. Of
course, sealed batteries require less maintenance, and this may offset the shorter life. If the
reduced life is a constraint for sealed batteries, the sealed types may have an advantage where
cycling is infrequent or only partial cycles are needed, and spinning reserve or other uses are
the primary function.

In some applications there will be value to the ability to discharge a battery fully. The
cell capacity that remains after a norrnaldepth discharge may be used for spinning reserve or
to backup transmission or distribution equipment. Manufacturers indicate that flooded cells can
be discharged fully on occasion without significant loss of life. Sealed or valve regulated

Rn99a Ik!dsknlF0a19Inmlponted



14 Introduction

batteries may eventually have this capability. To achieve full discharge, the power converter
must be capable of operating at the end-ofdischarge battery voltage.

Flooded cell lead acid batteries are capable of more than 2,(K)0cycles in load-leveling
applications to an 80% depth-of-discharge. Battery manufacturers will guarantee such
performance with warranties that extend four years or more based on the number of cycles the
battery is expected to perform in a given period. For similar cycle duty, a VRLA battery will
offer a lower cycle life.

For applications such as frequency regulation, the battery experiences a shallow depth-of-
discharge, and it is generally accepted that such light discharges do not affect battery life. The
Puerto Rico Electric Power Authority (PREPA) 20 MW frequency regulation/spinning reserve
duty battery (discussed later in this chapter), has a commercial warranty of 8 years. This batte~
will perform the shallow discharge frequency regulation on a continuous basis and be available
for a deeper discharge to meet the spinning reserve requirements approximately once every
week.

Rapid Cycling

There are two benefits that batteries can provide that will require the battery to be cycled
more than once per day. One is frequency regulation and the other is tie line control or area
control error (ACE) corrections. Frequency regulation will require many shallow cycles lasting
only seconds or minutes. Tie line control cycles will be of modest depth, and will typically last
5 or 10 minutes. These cycles may be in addition to a normal diurnal storage cycle.

Batteries are useful for frequency regulation only in systems of modest size where
variations in customer load are large compared to the total on-line generation. In these systems .
frequency will vary from second to second and minute to minute unless one or more generators
are assigned to tightly control frequency. This kind of duty on generators reduces plant
equipment life and increases maintenance. And, even the fastest plants may have difficulty
following load, and some utilities do not attempt to regulate fkequency tightly because of the
cost. Batteries provide very rapid response to load changes. Batteries can easily meet the rapid
load change response required for tight frequency control appli-tions. A 17 MW/14 MWh
battery has been used in Berlin since 1986 by the Berliner-Kraft-und Licht (BEWAG) for
frequency regulation/spinning reserve applications. This battery has not shown any signs of
capacity or life degradation and continues to operate as originally designed.

Large interconnected systems inherently control frequency well. Even the largest
customer load variations are small compared to the mass of many turbine-generator rotors, and
thus will not measurably change frequency. However, in these systems each utility has a
responsibility of limiting variations in tie flow, or correcting variations quickly when they do
occur. Tie flow variations can result from variations in customer load or unscheduled changes
in the loading of generating plants. Batteries could provide a significant benefit by taking over
the load following task from generators.
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Response

A battexy system can also be moved almost instantaneously tim one operating point to
another within its real and reactive operating range shown in Figure 1-2. In addition, it can
continzundy move about its operating region in response to a stabilizer or voltage regulator.

Fast response makes the battery a candidate to

n Respond rapidly to generation shortages or transmission overload (via
control signals from control center software or operators),

9 Provide LFC or Area Regulation (via control signals from control center
software),

8 Tightly regulate voltage for the benefit of nearby customers or a larger
load area,

m Regulate voltage for improved voltage stability in areas with little
generation,

m Provide a damping component of power to raise transfer limits imposed
by dynamic stability,

(ovERExa
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Figure 1-2. Real and Reactive Operating Range of Battery

In supplying reactive power to control voltage, the battery system is competing dinxtly
with Static Var Systems (SVSS) and generatom. The battery system has an advantage over
generators in that generators can rarely be sited where voltage control is needed, while batteries
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are very likely to be sited fi areas needing voltage control. A battery system also responds
much more quickly to system voltage changes than a generator can.

The reactive capability of a battery system converter is quite similar to that of an SVS.
More information on this is in the next section.

Batteries as a Source of Reactive Power

A converter can supply reactive power to defer capaators. It can also regulate voltage
to improve power quality and system stability. Variations in voltage have become less tolerable
to all customers so the contribution to power quality may be very significant.

GTO and transistor based power converters can provide or absorb reactive power as well
as move active power into or out of the battery. The reactive power can be controlled rapidly
just as the active power can, and thus allows a converter to regulate voltage. A battery cannot
provide reactive power when the converter is being fully utilized to handle active power (charge
or discharge), but can provide significant reactive power and voltage control at other times.
However, a modest increase in converter rating will allow it to provide a large amount of
reactive power while also operating at maximum battery charge or discharge rating.

Table 1-2 shows the cost of reactive power from a converter that costs $150 per kVA
overalI, but can be increased in size for $100 per kVA. The first column is the converter kVA
rating per kW of battery rating, the second column is the dynamic kvar range per kW of battery
rating that would be provided, the third column is the incremental kvar per kW at that converter
kVA rating, the fourth column is the battery/converter power factor rating, the fifth cohmm is
the cost per incremental kvar, and the sixth column is the overall cost per kvar. A converter
could, for example, be increased to 1.2 times the battery active power rating and still be
competitive with an SVS that provides incremental kvar at $40/kvar. If the battery and its
converter allow the SVS to be completely avoided, then the battery can be credited with the
overall SVS cost which is on the order of $60/kvar. In this situation, the battery converter might
bean attractive alternative to an SVS at well over twice the battery active power rating.

Equalization Charge

About once per week a cycled battery must be ‘overcharged’ a modest amount for several
hours. This brings all cells to their maximum capacity, including ‘slower’ cells that may not
achieve full charge during the daily cycle. The several hour period of overcharge does not
damage or increase the charge in the ‘faster’ cells, but brings the ‘slowef cells up to their
maximum charge level. Both flooded and sealed cells need an occasional equalization charge.
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Table 1-2
COST OF REACTIVE POWER

Coat per Overall
Converter Total kvar Incremental Fewer Incrmnental Coat per

kvA per kW kvar/kVA Factor kvar kvar

1.00
1.05
1.10
1.15
1.20
1.25
1,30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.65
1.90

0.0
0.6
0.9
1.1
1.3
1.5
1.7
1.8
2.0
2.1
2.2
2,4
2.5
2.6
2.7
2.9
3.0
3.1
3.2

6.5
4.8
4.0
3.6
3.3
3.1
3.0
2.9
2.8
2.7
2.6
2.6
2.5
2.5
2.4
2.4
2.4
2.4

1.Cm
0.95
0.91
0.87
0.83
0.80
0.77
0.74
0.71
0.69
0.67
0.65
0.63
0.61
0.59
0.57
0.56
0.54
0.53

$15
21
25
28
30
32
34
35
36
37
38
39
40
40
41
42
42
43

$8
11
13
15
17
18
19
20
21
22
23
24
25
25
26
28
28
28

Efficiency

There are losses in the power converter and its associated transformers during both
charging and discharging. There are also ‘turn-around’ losses within the battery in the form of
heat during charging and discharging. Turn-around losses can be as high as 20% if the battery
is charged and discharged at its maximum rate. Other losses include auxiliaries such as
ventilation and lighting. Turn-around efficiency may be as low as 75% in daily deep cycle
applications. Of course, losses will be very low in spinning reserve applications where the
battery ‘floats’ much of the time.

Reliability

Battery energy storage systems have the potential to
components, the solid state power converter, the converter
have proven reliability records.

be very reliable.
transformer, and

The three major
the batteries, all

■ The converter is much like a static var systems, an HVDC converter, and

an adjustable speed drive converter. These devices have proven to be
very reliable.

■ The converter transformer is not significantly different from conventional
transformers, and no different from the transformers associated with
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HVDC converters. Life expectancy is 30 to 40 years
rates are negligible.

■ Lead acid batteries are well proven in power

and forced outage

plant, substation,
automotive, and telephone, UPS, and other applications. The sealed cells
for utility energy storage applications that are now being tested will
almost totally eliminate routine maintenance. Sealed cells also eliminate
watering mechanisms and filters that require routine maintenance. In
addition, batteries are installed in ‘strings’ that can be removed for service
with no impact on battery system power, and only modest impact on
storage capaaty.

The reliability and availability of battery systems must be high if all of their benefits are
to be recognized. For instance, if a battery system in a distribution substation is to be allowed
to defer transformer capacity in the station, it must provide reliability equal to that provided by
larger transformers. Planners applying today’s deterministic planning criteria may interpret this
to mean that the battery system must be as reliable as the transformers in the station. This is
unlikely to occur. However, a valid comparison of reliability is not provided by comparing the
battery system to transformers. The battery, when charged, is a separate source of power, and
is not affected by transmission outages upstream of the substation as is a transformer.

Avallabiiity

As noted in the reliability section, the battery availability is high because cells are
arranged in strings so that one string can be maintained or repaired while others are operating.

Transformer and circuit breaker failures are rare and should not measurably affect battery
availability. The component most likely to cause outages is the converter. A single thyristor
failure will take the battery out of service for several hours until replaced. A conservative design
should reduce outages due to thyristor failures to one per year or less. Today thousands of
adjustable speed drives (motors fed by converters to reduce energy use or provide speed control)
are operating with very high availability, indicating that the very similar battery converters
should be able to

Environmental

Lead acid

do the same.

batteries do contain hazardous materials, primarily lead. However, these
materials are well contained and existing hazard control procedures cover their usage.

Acid spills are possible with flooded ceil batteries, but the amount of acid contained in
each battery module is small and easily handled by industrial spill containment kits. Acid spills
do not occur with the VRLA battery because the acid is immobilized in the glass mat or in gel
form.

R21wa DKbh FcaU Incorporated



Introduction 1-11

Battery disposal at the end of battery life can be handled by a contractual disposal
agreement with the battery supplier or a certified salvager. The lead acid battery manufacturing
industry is actively involved in environmentally safe recycling of lead and has a large, regionally
dispersed recycling infrastructure in place. According to recycling statistics compiled by the
Battery Council International, a non-profit trade association, the recycling rate for lead acid
batteries during 1989 was 95.3%.

Siting Flexibility

Flooded cell batteries carry only modest risk of harmful spills, while the sealed types
carry essentially no risk of harmful spills. Gas release is minimal with the flooded cells and
nonexistent with other types. Hence with public understanding there should be only modest
concern with flooded cells, and little or no concern with other cell types. Hence placing batteries
near residential or commercial areas is feasible, as illustrated by San Diego Gas and Electric’s
recent successful locating of a battery for a trolley project in a good residential area.

Battery systems may require less than an acre for the sizes that might be placed in areas
where land values are high (20 to 40 MWH). Less land may be required where two floors can
be used, perhaps one at grade level and one below grade level. Less land per kWh will be
required for larger sizes,

The PREPA 20 MW Batte~ Project

The Puerto Rico Electric Power Authority (PREPA) battery project marks a significant
milestone in the application of batteries by electric utilities in the U.S. because it is being
undertaken as a purely commercial venture by PREPA. Outside cost-sharing or other financial
support was not used to enhance the economic viability of the project, and internally it has been
treated as a resource addition, not an R&D project.

The electric network in Puerto Rico experiences severe voltage drops due to the
geographic location of load centers and the generation units. The system also needs additional
reserve capacity to meet load growth in recent years. The options faced by PREPA were to
install additional combustion turbines in several locations, or use battery energy storage systems.
Their internal economic analysis, combined with the reliable operating experience of the BEWAG
battery for frequency regulation, provided the basis for their choice in favor of the battery. The
planning projections indicate that a total installed capacity of 120 MW is needed to meet
PREPA’s spinning reserve requirements. This total capacity will be installed in 6 blocks of 20
MW battery energy storage systems over the next few years. Each 20 MW battery will be sited
in a different location in the PREPA network, so that it serves both the spinning reserve
requirements as well as the frequency control function at key locations determined by the
existing transmission network and the distribution of load centers.
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According to the current schedule, the first battery will be on-line by mid-1993. The
battery, power conversion system, main transformer and the AC switchgear have been
purchased. The costs for these components are shown in Table 1-3, and reflect “actual” battery
costs at the present time. However, the cost of the power conversion system, Item 3, Table 1-3,
is very high. General Electric (GE) was the only supplier that submitted a bid for this
subsystem. The design proposed by GE is identical to the power conversion system they
designed for Southern California Edison’s Chino Battery. This design was developed for that
project in the early 1980’s, and has not been reproduced since then. Thus, GE quotes this as a
one-of-a-kind, high cost item. It is reasonable to expect that this subsystem cost can be
substantially reduced for future battery projects, both due to retlnements in design as well as
increased vendor competition. A mature power conversion system should cost out at
approximately $150- $170/kW, compared to the current cost of $270/kW. This reduction in this
subsystem cost will reduce the cost of the overall battery system substantially.

Table 1-3
PREPA 20 MW BAITERY PROJECT COSTS

item cost Unit Cost

1.

2.

3.

4.

5.

6.

7.

8,

Engineering Design

Battery (14.1 MWh)

Power Conversion System (20 MW)

Main Transformer

AC Switchgear

DC Switchgear

Facility Control System

Construction Gontract

$1,000,000

$4,500,000 $319/kWh

$5,400,000 $270/kW

$360,000

$190,000

$650,000

$800,000

$4,000,000

TOTAL PROJECT COSTS $16,900,000 $1,199/kWh
$845/kW

CHUGACH ELECTRIC ASSOCIATION SITUATION

Chugach Electric Association’s generation mix consists largely of natural gas-fired units
as shown in Table 1-4. Cooper is hydroelectric; all other units are gas-fired. In addition to the
CEA-owned units shown in the table, CEA receives substantial amounts of power and energy
from the Bradley and Eklutna hydroelectric stations.

The CEA system is heavily winter-peaking. Winter peak is currently about 350 MW,
while summer peak is about 220 MW. Under CEA’S mid-case projection, winter peak is

4 Annual load factor is about 63 percent.expected to grow to around 400 MW by the year 2000.
During the winter the daily peak occurs around 7 pm to 8 pm; during the summer it occurs
about 12 noon to 1 pm.

4. These load figures include obligations to HEA, MEA, and SEA as well as CEA’Sown load.
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Spinning reserve requirements are 38 MW. Although CEA currently “sells its spin” to
Golden Valley Electric Association (GVEA), no such sales are included in the current analysis.
The horizon of this analysis is the 25-to 30-year life of a battery system, beginning in the rnid-
1990s. GVEA sales may not be a significant factor during much of this horizon.5

Table 1-4
CHUGACH ELECTRIC ASSOCIATION GENERATING CAPACITY

Unit Plant Type Capacity (MW)

Beluga 1
Beluga 2
Beluga 3
Beluga 4
Beluga 5
Beluga 6
Beluga 7
Beluaa 8

Gombuation Turbine
Combustion Turbhe
Combustion Turbine
Combustion Turtine
Combustion Turbine
Combustion TurbineG
Combustion TurbineG

Steam TurbineG

17
17
55

9
66
78
75
54

Bernice Lake 1 Combustion Turbine 8
Bernice Lake 2 Combustion TurMne 18
Bernice Lake 3 Combustion Turbhe 25
Bernice Lake 4 Combustion Turbine 25

International 1 Combustion Turbine 16
International 2 Combustion Turbine 16
International 3 Combustion Turbine 19

Cooper Hydro 17

TOTAL 510

OVERVIEW OF THIS REPORT

Section 2 quantifies the generation benefits of batteries on the Chugach Electric
Association system. Section 3 describes in detail the potential for reduced load shedding.
Section 4 describes potential transmission and distribution investment deferral that could result
from the addition of battery energy storage. Section 5 compares these benefits to the cost of
installing batteries. Section 6 summarizes the results and recommends further steps.

5. In 1996a 50 MW coal-fti unit is planned to go on-line at Healey. GVEA plans to take the total output from this
plant, reducing the need to purchase economy energy from CEA.

6.The Beluga 6 and 7 combustion turbine units power the Beluga 8 steam unit through heat recovery, with the three
units together forming a combined cycle plant. Either or both of the as can be operated independently without
running the steam unit, and either CY can be operated along with the steam unit at some tiuced output.
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POTENTIAL GENERATION BENEFITS

This section estimates the magnitude of three kinds of generation benefits-load-leveling
benefits, dynamic operating benefits, and environmental benefits--of adding battery storage to
the Chugach Electric Association system. The section discusses the logic behind the calculations,
describes the approach taken for the Chugach analysis, and presents the results.

CALCULATING GENERATION BENEFITS OF ENERGY STORAGE

Load-Leveling Benefits

Energy storage makes it possible to generate electricity during off-peak hours and use it
during peaking-hours, commonly referred to as load-leveling. Typically, system lambda (the
margiml cost of energy) is lower during off-peak hours than during on-peak hours; the
load-leveling savings is the difference between the lambda during peaking hours when the
storage would be discharged and the lambda for the off-peak hours, when the storage would
be charged, adjusted for the efficiency loss from the battery.

Load Leveling Benefits = hon. k - kOfi.Pk/storage efficiency
($/MWh) ($/hlWw) ($/MWh)

If this number is positive, then there are load-leveling savings. This will be true if the
battery efficiency exceeds the ratio of off-peak lambda to on-peak lambda.

Dynamic Operating Benefits

Dynamic operating costs (DOCs) are the portion of total operating costs of an electric
power system required to meet dynamic operating requirements. Technologies that offer
operating flexibility at minimal costs, such as energy storage plants, provide power systems with
significant operating cost savings. These savings are called dynamic operating benefits (DOBS).
Potential DOBs are measured as reductions in dynamic operating costs (DOG). DOCs include

8 Startup costs, the costs of shutting down and starting up power plants.

8 Load Following costs, increased fuel costs due to operations in load
following mode.
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2-2 Potential Generation Benefits

■ Minimum Load costs, costs due to foregone economic generation because
of minimum load constraints.

■ Ramping costs, the costs due to foregone monomic generation because of
ramping constraints.

■ Frequency Regulation costs, costs of foregone economic generation due to
externally constraining the loading ranges of some units to provide
frequency regulation capabilities.

This study estimated the benefits associated with reducing the fist three types of
dynamic operating costs: startup costs, load following costs, and minimum load costs, all of
which have a solid technical foundation based on common utility operations. Other categories
of DOBS are likely to be smaller but can only add to the DOBS quantified in this study.

Startup Cost Benefits. The cost of starting a steam unit that has been shut down completely can
be as much as several thousand dollars. Compared to the total daily operating cost of such a
unit, this is not insignificant. By modifying unit commitment, the addition of battery storage can
make it possible to avoid this startup cost for one or more units. Since CEA has no steam unit
except for Beluga 8, which is part of a combined cycle plant, steam unit startup costs are not
relevant to this study.

Load Following Benefits. Load fluctuation requires that some generation be able to meet

changes in, or follow, the load. As a result of this requirement, the units used for load following
will most of the time be loaded at levels other than their most efficient loadings, at points where
their average fuel costs are higher than at their most efficient loadings and higher than system
margiml cost. Load following benefits occur when a unit operating in load following mode is
decommitted. The benefits or savings are equal to the difference in average energy cost of the
unit and the system marginal energy cost.

Load following costs of a unit are the costs which could have been avoided were the
system able to decommit the unit and replace its energy at the system marginal energy cost.
These are calculated for hours where the unit is operated at part load (not on minimum load):

Load Following

[

Average Energy System Marginal
Costs of a Unit = Cost of the Unit - Energy Cost

($/hr) ($/MWh) ($/WW 1* Loading of Unit
(MWh/hr)

The daily load following costs are the sum of the hourly load following costs (for the
hours in load following mode).
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Minimum Load Benefits. Thermal units have minimum loading constraints. When they are
committed, they must be operated at or above this minimum load. Operation at minimum
loading generally results in the least efficient generation. Units are normally operated at their
minimum load only because the constraint prohibits even lower loading. Minimum loading
benefits occur when a unit operating at its minimum load is decommitted. The benefits or
savings are equal to the difference in average energy cost of the unit and the system marginal
energy cost.

Minimum loading costs of a unit are the costs which could have been avoided were the
system able to decommit the unit and replace its energy at the system marginal energy cost,
calculated for hours where

Minimum Load
Costs of a Unit =

($/hr)

the unit is on minimum load:

[

Average Energy System Mar~”nal
Cost of the Unit - Energy Cost

($/MWh) ($/MWh) 1Minimum
* L&ing of Unit

(MWh/hr)

The daily minimum load costs are the sum of the hourly minimum load costs (for the
hours at minimum load).

Figures 2-1 and 2-2 illustrate how minimum load and load following costs are calculated
and how significant they can be. Although the figures are for a hypothetical unit in a
hypothetical system, they are typical of actual units. The unit operates at its minimum load for
hours O-4and 20-24, at its maximum load for hours 8-16, and in load-following mode during the
other 8 hours. The daily load following cost of the unit is the dark shaded area in Figure 2-2;
the light shaded area is the unit daily minimum load cost. The difference between unit average
cost, which is the cost actually incurred, and system marginal cost, the cost that would be
incumd if this unit could be shut down, is substantial.

Opedin;host
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.................... Unit Marginal
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Hour
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Figure 2-1. System and Unit Costs
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2.4 Potential Generation Benefits

~ Hour
24681012141618202224

Figure 2-2. Load Following Costs and Minimum Load Costs

CAPTURING GENERATION BENEFITS OF ENERGY STORAGE

There are two primary modes in which storage can be operated:

■ On a regular charge/discharge basis

■ To provide spinning reserve only

Both modes are discussed below.

Charge/Discharge Application

Operated in this mode, storage provides not only load-leveling but also the reduction in
dymmic operating costs made possible by decommitting a unit and operating remaining units
at more efficient levels. The storage would most likely be operated on a daily cycle, with
charging at night and discharging during the daily peak. In order to maximize benefits per
kilowatt of battery capacity, it is necessary to install both enough power capacity (MW) and
storage capacity (MWh or hours of storage) to permit decommitting one or more units.

To illustrate the importance of including dynamic operating costs in calculating
generation benefits, consider a hypothetical system with two time periods per day, a peak period
of 8 hours, and an off-peak period of 16 hours. The system marginal energy costs are $18/MWh
during the peak period and $17/MWh during the off-peak period. Figure 2-3 illustrates these
marginal energy costs and Table 2-1 illustrates the operating characteristics of one generation
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unit (called Unit A). Unit A operates at minimum load (50 MW) during the off-peak period and
at 100 MW during the peak period. Figure 2-4 illustrates the power output of Unit A.

System
th@td 18.

Energy cost t I
(Wwh) 16-

14-

12-

10

8

6

4 1

8

Figure 2-3. System

PowerOutput
(MW)

100-

16 24

Hours

Marginal Energy Costs

50- I

8 18 24

Hours

Figure 2-4. Power Outpui of Unit A
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Table 2-1
OPERATING CHARACTERISTICS OF GENERATION UNIT A

Power Output (MW) Average ($NWh) Marginal ($/MWh)

50 25.0

100 21.0 17.0

150 20.0 18.0

Would a storage unit with a 77 percent cycle efficiency provide this system with any
operating savings? Using the conventional approach (that does not include dynamic operating
considerations), the benefit to cost ratio of storage operating is calculated as follows

B/c = 0.77 x
Marginal Energy Cost During the Peak Period

Marginal Energy Cost During the Off-Peak Period

= 0.77 4!!?
17.0

= 0.815 <1.0

Therefore, according to this calculation, storage operation is not economically feasible and
would not provide any operating savings. To check the validity of this calculation, the benefit
to cost ratio of operating the storage unit is explicitly calculated as:

B/C =
Operating Savings of Energy Storage

Operating Costs of Energy Storage

The operating savings and costs of energy storage depend on the operations of the
storage unit. One operating option is to charge during the off-peak period and discharge during
the peak period to replace Unit A (we assume that there is enough power available during the
off-peak period to provide the energy required for charging the storage unit and to replace the
off-peak energy output of Unit A). The benefit to cost ratio of this operating option is calculated
as follows

Required Charging = 100 MW x 8 hrs . 1,03g Mwh
0.77

Charging Costs = 1039 MWh X $17/MWh
= $17,663
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Required Off-Peak
Energy Replacement = 50 MWx16hrs=800MWh

Costs of Replacing
Off-Peak Energy = 800 MWh X $17/MWh

= $13,600

Total costs of
Replacing Unit A = 17,663+ 13,600= $31263
Total %wings by
Replacing Unit A = Total Operating Costs of Unit A

= 100 MW x 8 hrs x $21/MWh
+ 50 MWx16hrsx$25/MWh
= $36,800

The benefit to cost ratio of operating the storage unit to replace Unit A is therefore

B/C = ?
31,263

= 1.177

Therefore, storage operation is economically feasible and would provide the system with
operating savings. The implied dynamic operating benefits term, p, which is missing from the
conventional equation, can be calculated ax

B/C = 1.177 = 0.77
18.0 + p

17.0

or

1.177 x 17.0 - ~80
P=

0.77 “

= $7.98 /MWh.

Spinning Reserve Application

As an alternative to using the battery as a charge/discharge unit, a utility could use a
battery purely to provide spinning reserve with the following potential benefits: shutdown least
efficient units and allow generating units to operate at a higher load, thus reducing their average
heat rates.
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2-SPotential Generation Benefits

The following example illustrates the benefits horn using a battery as spinning reserve.
Consider a system consisting of three thermal units (Units 1,2 and 3). System load is 200 MW,
and spinning reserve of at least 40 MW is required. Table 2-2a shows the system dispatch
without a battery. Without a spinning reserve requirement, units 1 and 2, the most efficient
units, would have been able to meet the system load of 200 MW. Because of the spinning
reserve requirement, ail three units are operated; units 1 and 2 operate at 90 MW each and unit
3, the least efficient, is operatd at its minimum load of 20 MW.

Table 2-2
USING A BAITERY TO PROVIDE SPINNING RESERVE

(a) Unit Loadings and Operating Costs Without BstteIy

Ave.Cost st Actual Ave. Cost et Spinning Total
Min. Load Max. Load Max. Load Load Actual Load Reserve cost

(m (w (-h) (MW) (Wh) (~ ($hr)

Unit 1: 20 100 24.5 90 25 10 2,250

Unit 2: 20 100 24.5 90 25 10 2,250

Unit 3: 20 40 30 20 40 20 800

Total 200 40 5,300

(b) Unit Loadings and Operating Costs With Battery

Ave. Cost at Actual Ave. Cost at Splnnlng Total
Min. Load Max. Load Max. Load Load Actual Load Reserve cost

(m (w (WMWh) (w (-h) (~ ($hr)

Unit 1: 20 100 24.5 100 24.5 0 2,450

Unit 2: 20 100 24.5 100 24.5 0 2,450

Unit 3: 20 40 30 0 0 0 0

Battery: o 40 o* o o* 40 0

Totai: 200 40 4,900

● The operating cost of a battery providing oniy spinning reserve is really the fuel cost of keeping the battery charged.
However, this cost is negligible in this context.

Dynamic operating costs resulting from the spinning reserve requirement are of two
types. First, there is the cost of operating Units 1 and 2 at other than their most effiaent level.
Second, there is the extra cost of operating Unit 3, which is the difference between the average
generation cost at Unit 3 and what it would have cost to generate the same load at Units 1

and 2.

Adding a battery changes the system operation, as displayed in Table 2-2b. Units 1 and
2 can now operate at fuii capacity, and Unit 3 is shut down entirely; the battery provides the
required spinning reserve. For the particular hour shown in the tables, the savings per MWh
of spinning reserve is ($5300 - $4900)/40 MWh = $10/MWh.
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The spinning reserve benefits of using a battery in this manner can be summarized as
follows Unit 3, the least efficient unit, can be shut down and units 1 and 2 do not have to
provide spinning reserve, and can operate at their most efficient loadings. The battery provides
all required spinning reserves, and the system total operating costs are substantially lower.

STUDY APPROACH

The potential generation benefits from adding battery storage to Chugach Electric
Association’s system were determined by examining planned system operations as determined
by running the production simulation model MAINPLAN for the Chugach Electric Association
system. For the years 1994, 1996, and 2000, 6 representative days in each year were selected, a
weekday and a weekend day during winter, summer, and fall/spring. The study focused on
the marginal units (defined below) on these 18 days and determined how the operation of these
units could be economically modified if sufficient battery storage were present on the system.
Since previous studiesl had shown the high cost of providing spinning reserve, this study
focused on using batteries only to provide spinning reserve.

Hourly system loads for the 18 days are shown in Appendix A. For most of the days,
baseload units operate 24 hours a day, and are supplemented by peaking units and firm
purchases during the day, usually from about 7am to 12 pm. The daily peak typically occurs
between 5pm and 11 pm. For some days, none of the thermal peaking units are operated at all.
On those days, hydroelectric units and firm purchases provide the necessary peaking power.

Chugach Electric Association’s marginal energy costs (system lambda) for the same 18
days, shown in Appendix B,2~ generally change very little during a 24-hour period. Typically,
however, system marginal costs are lower during off-peak hours than during on-peak hours, but
not by enough to make load-leveling economic. For Chugach Electric Association, the marginal
cost is roughly proportional to natural gas prices, which increase from year to year; the average
nominal fuel price is about $1 per million Btu in 1994, $2 in 1996, and $2.50 in 2000.

Generating benefits of energy storage were for 5 gas-fired units on Chugach Electric
Association’s system for each of the 18 days. These five units were sehxted as the marginal
units whose operation would most likely be affected by the addition of batteries to the system.
That is, they would be potential candidates for decomrnitment. Qtrger gas-fired units were

1. RailbeltInterfieReconnaisawceStudy,preparedby Decision Focus Incorporated for the Alaska Power Authority, June
19S9; EconutnicFa”biZify of the %posrd 138 kV TransmissionLines in the RuiZtdt,preparedby Decision Focus
hxmporated for Railbelt Electric Utilities, December 1989; 2/15/90 memorandum horn Tim Newton, Planning
Engineer, Chugach Electric Association.

2. The hourly marginal costs are for on-system units only.

3. System load shapes and information on individual units were all providai by Chugach Electric Association. The
hourly system marginal costs were calculated by multiplying the fuel price times the marginal heat rate of the least
efficient operating unit for each hour of the day.
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2-10 Potential Generation Senefits

excluded because they were too large to be replaced by batteries. Smaller units, including IGT
1,2, and 3, were excluded because they did not operate at all on the 18 days considered. The
key cost/performance characteristics of the units included in this study are displayed in Table
2-3.

Table 2-3
CHUGACH ELECTRIC ASSOCIATION GENERATING

UNIT CHARACTERISTICS

Minimum Maximum Heat Rate at Heat Rate at
Load Load Startup Minimum Load Maximum Load
(MW) (MW) cost ($) (Btu/kWh) (Btu/kWh)

Beluga 1 3 17 0 35,573 15,304

Beluga 2 3 17 0 38,928 13,250

Bernice 2 3 18 0 36,626 14,835

Bernice 3 3 25 0 42,810 13,462

Bernice 4 7 25 0 24,126 13,815

STUDY RESULTS

Load-Leveling Benefits

As shown in Appendix A, system lambda is relatively flat across the 24 hours in each
day. Combined with a battery efficiency of 75 to 80 percent, this means that there would be no
load-leveling savings from batteries in the CEA system.

Many previous studies on energy storage have used only the load-leveling savings in
quantifying the value of energy storage. Doing so here would lead to the conclusion that
batteries are clearly uneconomic, and should not be considered further. As shown below and
in the next sections, however, there can be significant savings from batteries even if load-leveling
is uneconomic.

Dynamic Operating Benefits

The generation benefits resulting from adding batteries to the Chugach Electric
Association system are summarized in Table 2+. For each of the 18 days considered, the table
shows the dynamic operating savings— in current year dollars-that could be realized if enough
battery capacity were added to completely decommit the unit labelled “’displacedunit”.
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Table 2-4
CHUGACH ELECTRIC ASSOCIATION SUMMARY OF GENERATION BENEFITS

NET OPERATfNG BENEFITS

Net Operating
Benefits “Displaced

Year Season Day Day Type Date ($kW-year) Unit”

1994 Winter Sunday W-end 01/30/1994 25.09 Beluga 1
Thursday Wday 02/03/1994 24.00 Beluga 1

Summer Sunday W-end 0612611994 0.00
Thursday Wday 06/3011994 0.00

Spring/Fall Sunday W-end 10/02/1994 20.14 Beluga 2
Thursday Wday 10/06/1994 25.12 Beluga 2

Estimated Annual Net Operating savings 17.92

1996 Winter Sunday W-end 02/04/1996 5.86 Bernice 4
Thursday Wday 020811996 61.78 Beluga 2

Summer Sunday W-end 06/30/1996 66.18 Beluga 2
Thursday Wday 07/04/1996 43.05 Bernice 4

Spring/Fall Sunday W-end 10/06/1996 43.04 Bernice 4
Thursday Wday 10/1011996 74.63 Bernice 4

Estimated Annual Nat Operating Benefits 54.99

2000 Winter Sunday W-end 01130ROO0 7.41 Bernice 4
Thursday Wday 02m3cooo 65.87 Beluga 1

Summer Sunday W-end 06t25ROO0 7.10 Bernice 4
Thursday Wday 06R9i2000 50.99 Bernice 3

Spring/Fall Sunday W-end 1oml2000 0.00
Thursday Wday 10/05/2000 0.00

Estimated Annual Nat Operating Benefits 25.62

The “displaced unit” is the unit for which the greatest savings could be obtained by
decommitting the unit. The column in Table 2-4 labelled “Net Operating Benefits” expresses the
savings in terms of dollars per year of battery capacity, assuming that the battery is the same
size as the displaced unit and that all 365 days of the year were identical to the one for which
the calculation is being made. The “annual net operating benefit” value is the weighted average
of the daily values based on the number of weekdays and weekend days in each season during
the entire year.4

As defined in Table 2-4, net operating benefits include all dynamic operating benefits, i.e.,
load following cost savings and minimum load cost savings. Most of the dynamic operating cost
savings from Chugach Electric Association’s system result from minimum load cost savings,
which are on the order of thousands of dollars per day for each of the five margiml units. Load

4. The definitions of the seasons were as follows:

Winter 4 months
Summer 3 months
Fall/Spring 5 months
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2-12 Potential Generation Senefita

following costs are in the order of hundreds to thousands of dollars per day for each of the five
units.

Figures 2-5,2-6, and 2-7 show the actual MW loadings for three of the marginal units for
the days on which the dynamic operating cost savings would be greatest from decommitting
these units. Most of the time, the units operate far from their most efficient loadings (17 MW
for Beluga 1 and 2, and 25 MW for Bemice 4).

The dynamic operating benefits for each day are shown graphically in Figures 2-8,2-9,
and 2-10, for the years 1994, 1996, and 2000, respectively. As a result of higher utilization of
peaking units during weekdays, dynamic operating benefits are generally higher on weekdays
than during the weekend.
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Figure 2-10. Net Opersting Benefits in 2000

Why do the net operating benefits vary so much from year to year and even from day
to day within each year? Why are they substantial on some days and zero on others? The
variation is due primarily to four factors:

1. Increases in natural gas prices from year to year.

2. Differences in loads between weekdays and weekends.

3. Differences in loads among seasons.

4. Load growth from year to year.

Higher natural gas prices mean higher system lambdas and higher average fuel costs. Since net
operating benefits are roughly proportioml to the difference between average fuel cost and
system lambda, both of which are roughly proportioml to fuel price, higher fuel prices translate
directly to higher net operating benefits.

The differences in loads across days, seasons, and years translate directly to differences
in system operation. In particular, the units identified as margiml are sometimes operated 24
hours of the day, sometimes only a few hours of the day, and sometimes not at all. This is the
direct cause of the huge variation in net operating benefits. In particular, for the days with no
benefits, none of the marginal units operated at all.
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One might expect that as load grows, the marginal units would be operated more hours.
This is not necessarily the case, however. In general, MAINPLAN or any other production
simulation operates the set of units that minimizes costs. Since larger units typically are more
efficient, operating a few large units is preferred to operating many small units. For the CEA
system at relatively low loads (Summer, 1994), only the two largest, most effiaent thermal uNts
operate, and there are no potential savings from batteries. At higher loads (Spring/Fall, 1994),

smaller, less efficient units must also operate to provide spinning reserve; these units could be
decommitted if the system contained enough battery storage, yielding substantial benefits. At
still higher loads (Spring/Fall, 2000), the smaller thermal units are replaced by a third large,
efficient unit (Beluga 3), and there are no small units to decommit. At yet higher loads (Winter,
all three years), smaller units are again required, and there are potential savings from
decommitting these smaller units if there is enough battery capacity. Thus, for the CEA system
as simulated by MAINPLAN, there is no simple correlation between load levels and the
operation of smaller units.

Three limitations were made necessary by the screening nature of this analysis. First, we
considered only a limited number of days in each year, leading to “all or nothing” results, best
exemplified by the values of net operating benefits for the different days in the year 2000. As
a result of looking at such a small number of days, chosen before examining system operation
and before calculating the benefits of storage on these days, the benefits for 1994 and 2000 are
probably underestimated, while those for 1996 are probably overestimated.

Second, the results are based on the outputs of a production simulation model, which
indicate that on many days the marginal units do not operate at all. In practice, the marginal
units may operate more than indicatwl by the production simulation, yielding greater benefits
from using batteries to decommit the marginal units.

Third, we calculated benefits only when it was possible to decommit a marginal unit for.
the whole day in question. However, it is possible that even on days when none of the five
marginal units operates, operation of other units could be modified to produce operating
benefits. For example, on October 1,2000, none of the marginal units operates. However, three
thermal units-Beluga 3, Beluga 68, and Beluga 78-are all operating with substantial slack
capacity for several hours. With 20 to 25 MW of battery capacity on the system, Beluga 3 could
be replaced by the excess capacity of the other two units from 2 am to 9 pm, providing
substantial dynamic operating benefits.

Taking these limitations into account, annual net operating benefits of $40 to $70 per kW
of battery capacity per year, levelized in current dollars, would seem a reasonable estimate of
the generation benefits of adding battexy capacity to the CEA system.
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SPINNING RESERVE/LOAD SHEDDING
BENEFITS

INTRODUCTION

This section describes the effectiveness of utilizing a battery energy storage facility in lieu
of carrying actual spinning reserve on the combustion turbines of the Chugach Electric
Association (CEA) system. Cases have been run to determine how various battery facility sizes
will affect load shedding in the CEA system when combined with various levels of combustion
turbine spinning reserve on the Railbelt system.

Load shedding may occur following the loss of a generating unit in the Railbelt system.
The load shedding which occurs is a function of the number of generating units on-line and the
amount of spinning reserve. As an alternative to carrying spinning reserve on generators, a
battery of sufficient size can be used to reduce the frequency decay following a resource
deficiency and prevent load shedding. To study the effectiveness of a battery, a number of
parametric case studies have been executed, In each case, a loss of generation is introduced and
the frequency decay and load shedding responses are observed,

Previous studies of the Railbelt system have shown that generator spinning reserve must
be delivered quickly following a resource deficiency in order to minimize load shedding.
Combustion turbines are the only type of resource on the Railbelt system which can provide “fast
spin.” Therefore, in this study, only combustion turbine spinning reserve was considered when
calculating available spinning reserve levels. Hydroelectric and steam units were considered to
have too slow of a response to provide sufficient spinning reserve to prevent or reduce load
shedding.

Winter peak and summer normal load conditions have been evaluated. The winter peak
load condition corresponds to the highest load level and therefore the highest levels of
generation (i.e., largest number of on-line generators and maximum system inertia levels). Loss
of a heavily loaded generator under such conditions will cause a moderate decrease in frequency
at a relatively slow rate. Underfrequency load shedding in the CEA system can occur under
such conditions if combustion turbine spin is not adequate. However, overshedding of load is
usually not a problem.

Under summer normal load conditions, the number of generators on line is at a
minimum. Loss of a large generating unit is a problem due to the lack of inertia on the system.
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Under such conditions, large frequency deviations are likely with a fast rate of frequency decay.
l%is can result in overshedding of load (i.e., load shedding greater than necessary.)

For the winter peak load condition, four scemnos have been stidied. These scenarios
differ by the amount of combustion turbine spinning reserve on the Railbelt system and/or the
amount of load shed in lieu of actual spin. In all four scenarios, the disturbance consists of
moderate size loss of generation (13eluga#8 at 54 MW). For two scenarios, a 95 MW loss of
generation (AMLP #6 & 7) is also studied.

For the summer load condition, three scenarios are studied. These three scenarios differ
by the amount of combustion turbine spinning reserve on the system and the number of
combustion turbines which are used to provide the spin. From these case studies, the
effectiveness of a battery storage facility to provide spinning reserve for the CEA system is
determined. The scenarios considered in this study are summarized in Table 3-1.

Table 3-1
SUMMARY OF CEA LOAD SHEDDING ANALYSIS

Spinning Reserve Requirement of Railbelt System = 112 MW
CT SpinningReserve

Initial Dsficftor Surpluewlo BatterySfzes Loss of Load

Conditions Battery(MW) (w Generation(MW) (MN’)

WinterPeak Load
CEA = -15.6

Scenario 1: Railbalt Spinning
Reserve Requirements Met

Scenario 2: Railbelt Spin Not
Met; CEA Deficii of 15 MW

Scenario 3: Spin Not Met;
CEA Deficit of 15 MW, GVEA
Load Shad in Lieu of Spin

Scenario 4: Spin Not Met;
CEA Deficit of 40 MW, GVEA
Load Shed in Lieu of Spin

AMPL = +26.3 0,15,20,25,
GVEA+FMUS = -9.2 30

54 692

Total = +1.5
CEA = -15.4
AMiP = 4.7 0,15,20,25,

GVEA+FMUS = -9.2 30
Total = -29.3
CEA = -15.4
AMLP = 4.7 0,15,20,25,
GVEA+FMUS = -9.2 30,40
Total = -29.3
CEA = -39.6
AMLP = 4.7 0,15,20,25,30,
GVEA+FMUS = -9.2 40,50

54,95 692

54

54,95

692

692

Total = -53.5

Summer Load

Scenario 5: Spin Not Met;
CEA E +11.1

Beluga #1 & #2 On; GVEA
AMLP = -9.2
GVEA+FMUS = -9.2

0,15,20,25 50 254

Load Shed in Lieu of Spin Total = -7.3

Scenario 6: Spin Not Met;
CEA = 4.9

Beluga #1 On, * Off; GVEA ~~A~F~g~~ .-92 0,15,20,25 50 254

Load Shed in Lieu of Spin Total = -23.3 “

Scenario 7: Spin Not Met;
CEA = -19.9

Beluga #1 & #2 Off; GVEA
AMLP = -9.2
GVEA+FMUS = -9.2

0,15,20,25 50 254

Load Shed in Lieu of Spin Total = -38.3
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-8 Resewe/LoadSheddingsenefits S+

It should be noted that in some of the scanarios shown in Table 3-1, the Railbelt as a
whole or particular utilities are deficient in the required amount of spiming reserve. In some
scenarios, it is assumed that surplus spin in one utility is used to cover the spinning reserve
requirements of another. These scenarios are a departure from the way the spinning reserve is
handled in actual practice. These scenarios were established merely to create varying levels of
spinning reserve on the Railbelt system for analysis of battery size options and benefits. Thus,
the feasibility and cost/benefits of reserve sharing were not considered in the analysis.

CONCLUSION

For both load conditions studied, a battery storage facility is effective in reduang or
preventing load shedding in the CEA system. For the lightly loaded system condition, a battery
facility of sufficient size to eliminate load shedding on the CEA system also eliminates load
shedding in the Fairbanks area.

A battery installed in the CEA system provides the following benefits in the event of a
moderate loss of generation (54 MW) on a heavily loaded system. The 15 MW battery will
provide enough spinning reserve to prevent load shedding if the CEA system has a 15 MW
deficit in its combustion turbine spinning reserve requirement and the rest of the system is no
more than 5 MW deficient. In the event that the CEA system is 40 MW deficient of combustion
turbine spinning reserve, a 25 MW battery will prevent load shedding on the CEA system. A
25 MW battery will also prevent load shedding in the CEA system if CEA is 15 MW deficient
and the remainder of the RaiJbelt system is 15 MW deficient in combustion turbine spinning
reserve.

In the event of a large loss of generation (95 MW) on a heavily loaded system, the battery
facility provides the following benefits. For Scenario 3, where there is a 29 W deficit (without
the battery) in the Railbelt system combustion turbine spinning reserve, a 30 MW battery will
reduce CEA load shedding to 23 MW and a 35 MW battery will eliminate CEA load shedding.
For Scenario 4, which has a 54 MW spinning reserve deficit (without the battery), a 40 MW
battery will limit CEA load shedding to 23 MW. This is compared to 62 MW of load shedding
that occurs in the CEA system if only a 30 MW battery is used.

For the lightly loaded system, replacing part of the spinning reserve provided by
combustion turbines with a battery eliminates or reduces the amount of load shedding in the
CEA system. The more spinning reserve that is provided by battery energy storage in lieu of
combustion turbine spinning reserve, the less load shedding that will occur. This is the case
even when system inertia is reduced by removing the combustion turbine units which are
carrying the spin. This is due to the extremely fast response of the battery as compared to the
response of the combustion turbines.
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3-4 SpinningReserve/LoadSheddingBenefits

STUDY CONDITIONS

A battery storage facility, as modeled in this study, can provide its full rating nearly
instantaneously. Moreover, the output of a battery facility can be cycld around some desired
operating point continuously on a repetitive basis. The amount of power that the battery
supplies is directly proportioml to the frequency deviation in the system. The droop setting of
the battery controller can be set to provide full battery response to small underfrequency
deviations. Thus, the nature and characteristics of a battery storage facility allow droop settings
as low as 0.5 to 1.0910. A controller droop setting of 1.070, for example, would allow a battery
to go from zero to full output as the kquency dmeases from 60 Hz to 59.4 Hz,

Generators are a mechanical system and have some finite “cycling” capability.
Furthermore, for parallel operation, some significant amount of droop is necessary in generator
governors in order to achieve control stability. Thus, generators in the Railbelt system have
droops of approximately 4 to 5%. Also, since generators have some finite response rate
capabilities, smaller droops would not necessarily translate to a faster response to frequency
deviations. Smaller droops would only minimize the steady-state frequency deviation. Smaller
droops would also increase the “cycling” of the generators in response to system fr~uency
deviations.

Because the first stage of load shedding in the CEA system operates at 59.3 Hz (i.e.,
backup load shedding relays), a droop of 1% appears to be a reasomble objective for a battery
storage facility. This assures the battery will supply its full rating before load shedding relays
in the CEA system operate.

The droop of the controller of the battery can be reduced. Generally the lower the droop
setting, the lower the overall system frequency deviation. Moreover, since the speed of response
of a battery storage facility is (for all practical purposes) unlimited, smaller droops also reduce
the rate of frequency decay following a resource deficiency. Cases were run to validate this
assumption.

A battery with smaller droop was not always found to be advantageous. In certain
situations, a battery with a very small droop (0.5?40)deferred the actuation of “load shti in lieu
of spin” in the GVEA area thereby increasing load shedding in the CEA area. Thus, horn the
perspective of the CEA system, the optimum battery facility droop will be one which causes the
battery to reach full output before the CEA load shedding relays operate, but will not delay load
shedding which should occur elsewhere in the Railbelt system. Based on current load shedding
relay settings, 1 ‘ZO appears to be the best droop setting for a battery facility on the CEA system.

For this study, the eff~tiveness of batteries ranging in size from 15 to 50 MW is studied.
In some cases, the battery cannot prevent load shedding. However the battery can reduce the
amount of load shedding in the CEA system. By running the same case without a battery, this
reduction in load shedding is determined.
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The effectiveness of a battery to reduce load sheddin~ as summarized in Tables 3-2
through 3-5 below, would be different if the fimt load shedding point used on the CEA system
were lower. The representation of CEA’S backup relays which operate at 59.3 Hz require the use
of a larger battery in order to eliminate load shedding on the (2EA system. If the first step of
load shedding on the CEA system occurred at 59.2 Hz (the @t stage of CEA’S normal load
shedding relays), smaller size batteries would appear more beneficial. Moreover, load shedding
in the CEA system would occur at the same point as load shedding in the AMLP system. As
shown in Tables 3-2 through 3-5, the use of CEA’S backup relays accounts for the load shedding
in the CEA system when none occurs in the AMLP system.

The following response data is plotted for each case frequency and voltage at the
International 34,5 kV bus, battery power output, and battery controller output. The simulations
were performed using PSS/E, the Power System Simulator for Engineerin& developed by Power
Technologies, Inc.

SPINNING RESERVE REQUIREMENTS

The spinning reserve requirement for the Railbelt system is equal to the capacity of the
largest on-line unit, or unit pair in the case of combined cycle units. For these studies, the
largest “unit” is the AMLP Unit ti and #7 combined cycle pair. Winter capacity of these uNts
is 112 MW and summer capacity is 95 MW. -

For the two load conditions considered in this study, the spinning reserve requirements
for each utility are as follows. For simplicity, the GVEA and FMUS system are combined,

WINTER PEAK LOAD SUMMER NORMAL LOAD

GVEA + FMUS = 19.2 MW GVEA + FMUS = 19.5 MW
CEA 44.9 MW CEA 32.3 MW
AMLP 47.9 MW AMLP 43.2 MW

TOTAL = 112.0 MW TOTAL = 95.0 MW

DISCUSSION

Winter Peak Load

The winter peak load scenarios studied are outlined in Table 3-1. This section covers
each scenario in more detaiJ and identifies the effectiveness of using various size battery
facilities. The generation schedule for each scenario are given in Appendix B. Also, for
Scenarios 3 and 4, the GVEA system provides 9.2 MW of load shedding in lieu of spin to
compensate for its lack of combustion turbine spinning reserve.

Raw Dl?dlial Foau IruOrpOl’lted



3-S Spinning Reserve/Load Shedding Senefits

scenario 1

h Scenario 1, Golden Valley and Fairbanks have 10 MW of combustion turbine spinning
reserve. Therefore they have a spinning reserve deficit of 9.2 MW. CEA has 29.3 MW of
combustion turbine spinning reserve without the battery for a deficit of 15.6 MW. AMLP has
74.2 MW of combustion turbine spinning reserve and therefore has 26.3 MW extra. Thus the
Railbelt system as a whole has combustion turbine spinning reserves of 113.5 MW; a slight
surplus.

For scenario 1, the initial case is run without a battery. Loadshed in lieu of spin in the
GVEA system is not utilized. Four different battery sizes are also represented (15, 20, 25 and
30 MW), and two different droop settings (0.5% and l%), are used. A disturbance is producai
by tripping the Beluga #8 unit (54 MW). The plotted responses are shown in Appendix C. It
can be seen that for all cases with a battery, load shedding does not occur in any utility. If no
battery is used, load shedding occurs as follows:

FMUS sheds 2.7 MW GVEA sheds 11.5MW

CEA sheds OMW AMLP sheds OMW

This load shedding is limited to the Fairbanks area, but it slightly exceeds the
amount of load which would need to be shed as “load shed in lieu of spin.” As expected,
frequency deviation decreases as battery size increases. With the 15 MW battery, frequency
settles at 59.4 Hz. With the 25 MW battery, frequency settles at 59.6 Hz. Marginally superior
performance for all cases is achieved if the battery droop is set at 0.5%. The frequency
deviations are smaller and the steady state frequency is slightly higher.

Scenario 2

Scenario 2 differs from Scenario 1 by the amount of spinning reserve available to the
system as shown in Table 3-1. AMLP Unit #8 (85 MW capability), running at 23.8 MW in
Scenario 1, is replaced with Units #1 and #5 which have a 17 MW and 37 MW capability
respectively. This reduces the spinning reserve of AMLP by 32 MW with respect to the Scenario
1. AMLP is now 4.7 MW deficient in combustion turbine spin, CEA is still 15.4 MW deficient
without a battery, and GVEA and FMUS are still 9.2 MW deficient. The Railbelt system as a
whole is deficient by 29.3 MW without a battery.

Studies were run without a battery and with 15,20,25 and 30 MW batteries at 0.5% and
1% droop. A disturbance is introduced by tripping the Beluga #8 unit (54 MW). The plotted
responses are shown in Appendix D. Again, loadshed in lieu of spin is not used in the GVEA
system. The load shedding responses for each case are given in Table 3-2.

A 15 MW battery is able to reduce CEA load shedding (from the no battery case) only
if a 0.5% droop is used. Increasing the battery size to 20 MW will reduce CEA load shedding
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Spinning lksekve/Load Shedding Benefits 3-7

from 23 to 17 MW, and this rcxiuction is not sensitive to the droop used on the battery.
However, a 25 MW battery is needed to prevent load shedding on the CEA system. This larger
battery also eliminates load shedding in the Fairbanks area. A greater safety margin and smaller
frequency deviation are obtained with a 30 MW battery.

In this scemrio, except for the 15 MW battery case, a lower droop setting on the battery
facility has no effect on load shedding. By analyzing the frequency plots though, one can see
that smaller frequency deviations occur with a lower droop setting.

Table 32
LOADSHEDDING RESPONSES FOR SCENARIO 2-
AMOUNT OF LOAD SHED IN EACH UTILITV (WV)

BATTERY SIZE DROOP

(w S~NG(%) CEA AMLP GVEA FMus

No Batlery
15
15
20
20
25
25
30
30

No Battery
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5

23
23
17
17
17
0
0
0
0

0
0
0
0
0
0
0
0
0

23
11.5
11.5
11.5
11.5

0
0
0
0

2.7
2.7
2.7
2.7
2.7
0
0
0
0

Scenario 3

Scemrio 3 has the same generation condition as Scemno 2. However, in this scemrio,
the GVEA load shed in lieu of spin is activated. This increases the effective spinning reserve in
GVEA and in the system by 9.2 MW. These relays are activated at 59.7 Hz and shed the
required amount of load in two seconds. Cases are run with battery sizes of 15,20 and 25 MW
and droops of 0.5% and 1%. A “no battery” case is also considered. The Beluga #8 unit is tripped
to initiate the frequency decay. The plotted responses are shown in Appendix E. Load shedding
occurs only for the case without a battery as follows:

CEA=17MW AMLP = O MW

GVEA = 23 MW FMUS = 2.7 MW

The amount of load shed in the GVEA system is in addition to the 9.2 MW of load shed
in lieu of spin. It is seen that a 15 MW battery will prevent load shedding in the CEA system.
Either a 0.5% droop or a 1% droop will prevent load shedding in this scenario. In general, the
cases with the lower droop setting have smaller transient frequency deviations. However, the
final steady state frequency is approximately equal for either droop setting.
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Cases were also run with the AMLP #(i and W units tripped. This represents the largest
generation loss (95 MW) for the winter peak load condition. The plotted responses are also
given in Appendix E. The load shedding responses are given in Table 3-3. If a 30 W battery
is used, load shedding in the CEA system is reduced to 23 MW. A 35 MW battery will eliminate
load shedding.

Table 3-3
LOAD SHEDDINGRESPONSESFORSCENARIO3 WITH THE AMLP
UNITSTRIPPED- AMOUNTOF LOADSHED IN EACH UTILITV(MI/If)

BAITERY DROOP
SIZE (WY) (%) CEA AMLP GVEA FMus

15 1.0 23 0 11.5 2.7
20 1.0 23 0 11.5 2.7
25 1.0 23 0 8.8 2.7
30 1.0 23 0 8.8 2.7
35 1.0 0 0 8.8 2.7
40 1.0 0 0 8.8 2.7

Scsnario 4

In Scenario 4, spinning reserve is reductxi further kom the Scenario 3 level by taking the
Bemice Lake unit off-line. The spinning reserve in the CEA system without a battery is reduced
to 5.3 MW. CEA is now deficient 39.6 MW of combustion turbine spinning reserve. The system
as a whole is deficient by 44.3 MW. The following cases are run battery size of 15, 20, 25 and
30 MW with droop set at 0.5% and 1%. Also a case is run without a battery. The Beluga #8 unit
(54 MW) is tripped. The plotted responses are shown in Appendix F. The load shedding
responses of the system for each battery size are given in Table 3-4.

With a 20 MW battery and a 0.5% droop setting, 17 MW of load shedding occurs in the
CEA system. With a 25 MW battery, CEA sheds no load. Thus, 25 MW is the minimum size
required to prevent load shedding in the CEA system under this scenario.

In previous scenarios, a droop setting of 0.5% was marginally superior to the 1% droop
setting. However, in this scenario, the 0.5% droop setting causes a greater amount of load
shedding in the CEA system than if a 1% droop is used (for the case with a 20 MW battery.) A
20 MW battery with a 0.5% droop delays load shed in lieu of spin in the GVEA system. This
results in the load shedding relays on the CEA system operating. Therefore, a 1% droop setting
is suggested for the battery controller. This scemrio is also run with AMLP Units #6 and 7, (95
MW) tripped.

The plotted responses are also given in Appendix E. The load shedding responses are
given in Table 3-4. For this large generation loss, even a 40 or 50 MW battery cannot prevent
load shedding in the CEA system. However, the amount of load shedding can be reduced.
From Table 3-4, it can be seen that a 30 MW battery allows 62.5 MW of load sheddin~ whereas
a 40 MW battery reduces load shedding to 23 MW. Even though a 40 MW battery may not be
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- Re=ve/Luad Shedding8eIIefits 3-9

feasible due to economic constraints, a 10 MW change in battery size can reduce load shedding
considerably.

Table 3-4
LOAD SHEDDINGRESPONSESFOR SCENARIO4-
AMOUNTOF LOADSHEDIN EACHUTILITY(MW)

BATIERY
SIZE (MW) DROOP (%) CEA AMLP GVEA FMus

54 WV GENERATION LOSS

No Battery
15
15
20
20
25
25
30
30

No Battery
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5

23
23
23
0
17
0
0
0
0

0
0
0
0
0
0
0
0
0

27.4
8.8
8.8
7

8.8
7

8.8
0
0

2.7
2.7
2.7
2.7
2.7
2.7
2.7
0
0

95 MW GENERATION LOSS
........................................................................................................................................................................................................

20 1.0 62.5 11.8 30.1 2.7
30 1.0 62.5 0 11.5 2,7
40 1.0 23 0 30.1 2.7
50 1.0 23 0 8.8 2.7

Summer Normal Load

The summer normal load scenarios studied are outlined in Table 3-1. Under the summer
normal load condition, the effectiveness of the battery is analyzed by introducing a disturbance
consisting of the loss of the largest “unit”, the AMLP Unit #6 and #7 combined cycle pair at 50
MW total output. This provides a comparable generation loss to the one simulated for the
winter load condition (54 MW). However, AMLP #7 is also carrying 34 MW of the 95 MW of
spin, so the system spin is reduced when this unit is tripped,

The composition and amount of the spinning reserve in the system is changed in each
of the three scenarios. In all summer load scemnos, load shedding in lieu of spin is utilized in
the GVEA system. Also, the battery droop setting in all three scenarios is 1%. The plotted
responses for each scemno are given in Appendix G. The load shedding responses are given
in Table 3-5.

In Scenario 5, Beluga units #1 and #2 are on-line. They operate primarily to provide the
necessary combustion turbine spinning reserve. Cases are run without a battery and with
battery sizes of 15, 20 and 25 MW. In the case without a battery, all of the spinning reserve
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3-10 Spinning Reserve/LoadSheddingBenefits

comes from the combustion turbines. The spinning reserve is at least as large as the largest
generation loss, but load shedding is not prevented.

From Table 3-5, for the case without a battery, the CEA system sheds 19 MW of load.
With a 15 MW battery, load shedding is reduced to 5.1 MW in the CEA system. A 20 MW
battery is of sufficient size to eliminate all load shedding in the Railbelt system.

Scenario 6

For Scenario 6, Beluga #2, is removed. This effectively reduces spinning reserve by 15
MW. The system inertia in this scenario is also smaller than that of Scenario 5 due to the
removal of this machine. Cases are run with no battery and with battery sizes of 15, 20 and 25
MW.

When no battery is used, 19 MW of load shedding occurs in the CEA system. Adding
a 15 MW battery decreases load shedding to 7 MW in the CEA system. With a 20 MW battery,
load shedding is eliminated in the entire Railbelt system.

By comparing the results of Scenarios 5 and 6, the effectiveness of battery spinning
reserve vs. combustion turbine spinning reserve can be observed. The combustion turbine is
replaced with a 15 MW battery (Scenario 5 without a battery vs. Scenario 6 with a 15 MW
battery) and load shedding is limited to 7 MW in the CEA system. This reduction in load
shedding occurs even though the total amount of spinning reserve has not changed and the
system inertia is reduced.

Scenario 7

For Scenario 7, Beluga #1 and #2 are removed. This effectively reduces the spinning
reserve in the Railbelt system by 31 MW. The system inertia is also reduced due to the removal
of the two machines. Cases are run with no battery and with battery sizes of 15,20 and 25 MW.

In the case with no battery, 19 MW of load is shed in the CEA system. By the addition
of a 15 or 20 MW battery, load shedding is reduced to 7 MW in the CEA system. Load shedding
is eliminated from the Railbelt system if a 25 MW battery is used.

By comparing the results of Scenarios 5 and 7, (scenario 5 without a battery vs. Scenario
7 with a 15 MW battery) the effectiveness of replacing combustion turbine spin with battery spin
can again be observed. It is seen that by replacing Beluga #1 and #2 with a 15 MW battery, load
shedding is reduced from 19 to 7 MW in the CEA system. This occurs even though the total
spinning reseme is reduced by 16 MW and the system inertia is also reduced.

By replacing Beluga #1 and 2 with a 25 Mw battery, (scenario 5 without a battery VS.

Scenario 7 with a 25 MW battery) load shedding in the CEA system is eliminated. This is the
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case even though the total spinning reserve has been reduced by 5 MW and the total system
inertia is smaller.

Table 3-5
LOADSHEDDINGRESPONSESFORSCENARIOS5,6 AND 7-

AMOUNT OF LOAD SHED IN EACH UTILITY (MW) IN ADDITION TO
LOAD SHED IN LIEU OF SPIN

BA’ITERY
SIZE (MWl CEA AMLP GVEA FMUS

SCENARIO 5 0 19 5.1 10.9 3.1
15 5.1 0 4.1 1.2
20 0 0 0 0
25 0 0 0 0

...........................................................................................................................................................................

SCENARIO 6 0 19 5.1 10.9 3.1
15 7 0 4.1 1.2
20 0 0 4.1 1.2
25 0 0 0 0

...........................................................................................................................................................................

SCENARIO 7 0 19 5.1 10.9 3.1
15 7 0 10.9 3.1
20 7 0 10.9 1.2
25 0 0 0 0

...........................................................................................................................................................................
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T&D BENEFITS

CEA provided information about its long-range plans and about specific projects where
a battery storage facility might play a significant T&D role. After review of the CEA long range
plan information, it is believed that the CEA system could recognize some very significant T&D
benefits from the applications of batteries. These T&D benefits combined with the spinning
reserve and reduced load shedding benefits may help justify the application of batteries on the
CEA system. The T&D benefits may also help justify the application of more battery capacity
than can be economically supported by just the spinning reserve and reduced load shedding
benefits.

The following subsections discuss some specific T&D projects on the CEA system where
battery facilities may provide some significant benefits. It is suggested that these projects be
evaluated more thoroughly to quantify the economb of battery facilities for each of these
projects.

HUFFMAFJ SUBSTATION

The existing Huffman 34.5/12.5 kV Substation serves a significant portion of load in the
southeast Anchorage area (see Hillside item below). This substation and the 34.5 kV system
which feeds it are heavily loaded. The 34.5 kV system feeding this substation does not have
adequate reserve margin to provide adequate service to this substation under single contingency
conditions. Two 138 kV transmission lines and a 138/34.5 kV transformer at Huffman are
proposed to provide support to the 34.5 kV system and the underlying distribution network.

A battery facility at Huffman at the 12.5 kV level could provide several benefits. It could
provide voltage support under normal and single contingency conditions which would extend
the usefulness of the existing 34.5 kV system thus deferring the need for the 138/34.5 kV
transformer. Further, it could reduce the var loading on the Hufhnan load transformer thus
increasing its ability to serve area loads. Although the 138 kV feed into Huffman would
eventually be required for termination of the second Kenai intertie, a battery facility at Huffman
may make it feasible to minimize 138 kV additions (e.g., eliminate or defer the need for the
Huffman-University 138 kV line). A battery facility at Huffman used primarily for voltage
support (i.e., vars, not real power support) would not undermine or erode the spinning reserve
benefits provided by this battery. However, a battery facility at Huffrnan could provide real
power service to loads following transformer failures until distribution switching could be
performed.
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HILLSIDE SUBSTATION

Loss of the Huffinan transformer makes it impossible to maintain acceptable distribution
voltages in the perimeter areas now served from the Huffman substation. The Hillside
34.5/12.5 kV substation (fed via a 34.5 kV line from Huffinan) has km proposed to shift load
from Huffman. Upgrading of an existing distribution feeder between Huffman and Hillside via
an underbuild on the 34.5 kV line is proposed to facilitate back-up during transformer failures
at either substation.

The Hillside substation has been built, but the 34.5 kV feed to it has been delayed due
opposition by area residents. This has necessitated the use of a 34.5 kV cable arcuit instead of
an overhead line. This eliminates the possibility of the distribution underbuild to replace the
existing distribution feeder. Further, the public opposition may circumvent the possibility of
rebuilding the existing distribution feeder as well as constructing a second 34.5 kV feed into the
Hillside substation. This may leave Hillside with a single 34.5 kV feed and minimal backup
capability via the distribution system.

A battery facility at Hillside and located at the 12.5 kV level could provide two distinct
benefits. First, the voltage support provided by a battery may make it feasible to backup the
Hillside loads from Huffman over the existing distribution feeder. With a battery facility also
at Huffman, the reverse situation may also be true. Thus, battery facilities at Hillside along with
Huffman could eliminate or reduce the necessity of rebuilding or replacing the existing
Huffrnan-Hillside distribution feeder. Further, a battery at Hillside may also defer or ehinate
the need to build the second 34.5 kV feed into Hillside. As with the battery suggested for
Huffrnan, a battery faality at Hillside would primarily play a var support role thus not
underrnining the potential spinning reserve benefits. However, it could provide real power
support during transformer outages until distribution switching is performed to restore
connection to the system.

GIRDWOOD, INDIAN AND PORTAGE SUBSTATIONS

These substations are taps off of the University-Daves Creek 115 kV line. Even with the
presently proposed additions at these locations, service to Indian, Girdwood and Portage loads
will be interrupted during outage of the 115 kV line.

Growing loads associated with the ski resort will result in the Girdwood transformer
becoming overloaded. A second transformer at Girdwood is proposed, but requires rebuild of
the substation. A 25 kV distribution connection between Girdwood and Indian is also proposed.
With the proposed additions, Girdwood can backup the Indian loads, but Indian can provide
only marginal back up to Girdwood even with the proposed single-phase transformer and
regulator additions at Indian.1 The Portage substation is proposed for conversion from 12.5 kV

1. The Girdwood and Indian distribution systems presently are not in phase. Hot transfer of loads, even with the
proposed feeder, will not be possible unless the transtbrmer addition at Indian also corrects the phasing problem.
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to 25 kV. Four single phase transformers and regulators are proposed as part of this conversion.
Under the present plan, the proposed Portage changes have no impact on Girdwood.

A battery facility at Girdwood could defer the transformer capaaty addition at Girdwood.
A battery of suffiaent size could reduce the var loading and could be used for peak shaving to
extend the useful capability of the Girdwood transformer. Further, it could provide service to
the important Girdwood loads during outages of the University-Daves Creek 115 kV line or the
Girdwood transformer. The battery could be sized to provide load service time sufficient to do
sectionalizing of the 115 kV line or to transport portable generation to Girdwood. A battery at
Girdwood could also possibly defer the need for the distribution feeder to Indian.

Alternatively, a battery facility at Girdwood could enhance the usability of the proposal
Girdwood-Indian distribution feeder if it is built. Further, it would make feasible the installation
of a large, 3-phase LTC transformer at Indian versus the mtiium sized single phase transformers
and regulators now proposed. Thus, the Indian substation via the proposed feeder would be able
to backup all of the Girdwood load with battery facility support at Girdwood. Replacing the
transformers at Indian with a large unit would elimimte the need to rebuild the Girdwood
substation.

In the long range, a battery facility at Girdwood would also make feasible the use of a
larger transformer at Girdwood and the interconnection of the Girdwood and Portage
distribution systems. With a 25 kV circuit between Girdwood and Portage (in addition to the
Girdwood-Indian tie) and sufficient transformer capacity at Portage (e.g., 14 MVA), a battery

facility at Girdwood would provide the ability to back up the loss of a 15/20/25 MVA
transformer at Girdwood by using both the Indian and Portage sources. In addition, a
Girdwood-Portage tie would provide the necessary backup to the Portage loads. Thus, a battery
at Girdwood would facilitate the full interconnection of the Indian, Girdwood and Portage
distribution systems, support full back up of Girdwood load from the adjacent substations, and
allow the use of single, large, 3-phase LTC transformers at Indian, Girdwood and Portage (e.g.,
14,25 and 14 MVA, respectively). This would minimize (physical) substation expansions at any
of these locations which would otherwise be required if multiple transformers are used of if
single-phase transformers and regulators are used.

HOPE

The Village of Hope if fed via a 19 mile long, singlephase line from a simple tap
substation on the Universit y-Daves Creek 115 kV line. Due to growing loads at Hope, voltage
drop is becoming a problem. In-line voltage regulators for voltage improvement are the
proposed near-term solution. The long-term solution is to replace the existing line with a 3-
phase line and completely rebuild the Hope 115 kV substation. Hope would still have only a
single feed after these proposed additions.

A battery facility at the Village of Hope would provide some significant benefits. First,
it would provide the necessary voltage support to extend the usefulness of the existing single-
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44 T&D Benefits

phase feed. This would avoid the cost of the regulatom and the Ionger-term costs associated
with the line and substation rebuild. Second, a battery facility could provide service security to
Hope during outages of the 115 kV line or the radial distribution feed. The battery could be
sized to provide 4-8 hour backup capability. This should be sufilaent to allow most line repairs
to be effected or to bring in portable generation equipment.

A further benefit of a battery facility is that it could provide 3-phase service to Hope from
the existing single-phase feeder. The single-phase line could power a charger for the battery
facility, and the battery power conversion equipment could produce threephase power for the
village. Thus, a battery facility could essentially eliminate the need to perform the proposed
conversions, and it would provide reliability benefits which would not be provided by the
proposed conversions.
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5

COST/BENEFIT ANALYSIS

In this section the dollar value of the benefits described in the previous three sections is
comparai to the cost of installing batteries. Following common industry practice, costs and
benefits are expressed in 1990 dollars per kilowatt of @paCity or dollars per kilowatt-year of
capaaty; the latter is a current dollar levelized cost over the battery unit’s life.

BATTERY CAPITAL COSTS

Because there are currently only a handful of utility battery installations in operation or
planned, there are no commonly accepted estimates for battery storage system costs. In addition,
costs are very dependent not only on power capacity and storage capacity, but also on tiequency
with which the battery is to be charged and discharged and the depth of discharge.

The cost estimates used here are from EPRI’s Technical Assessment Guide (TAG). They
have already been described in Section 1 of this document. Adjusted for inflation, the total cost
is $703/kW for a 3-hour battery and $943/kW for a 5-hour battery, including land cost. The
TAG does not provide a cost estimate for a one-half or l-hour battery that could provide
spinning reserve but would have minimal energy capacity; we estimate that such a battery
would cost $350/kW, This is based on the EPRI TAG numbers, but reducing the storage
component of the $hour battery cost by two-thirds.

Using a fixed charge rate of 13.7%1 to convert overnight capital costs to current dollar
levelized annual battery costs yields the following:

Size Levelized CspltaI Cost

(hours) ($/kW-year)

1 $49

3 $97

1. Suggested by CEA for equipment with a 30-year life.
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5-2 Cost/Sensfit Analysis

The cost estimates in the EPRI TAG do not include cell replacement during the life of the battery
system; the individual cells do not last as long as the entire system. Depending on the number
of cycles per year that the battery is operated, cell replacement costs could add on the order of
$100/kW to the battery cost, or about $15/kW-year; for batteries operated primarily to provide
spinning reerve, cell replacement costs should be much smaller. In addition, the operating and
maintenance (O&M) costs for the battery system should be included in a detailed analysis; they
are ignored in this screening-level analysis.

CAPACITY VALUE OF BATTERY

Another potential benefit or savings that can be attributed to batteries, not discussed in
the previous sections, results from the battery’s contribution to total system generating capacity.
The addition of battery capacity to a utility system frequently allows a reduction in investment
in other new generation. Since the Anchorage area is expected to face a generation capacity
shortage around 1995,2 battery capacity may be able to replace some of the new generation

capacity that will be required. However, a battery with only one hour of storage may not merit
the same capacity value of a unit such as a combustion turbine. A capacity credit of $67/kW-
year~ based on the cost of a combustion turbine, is an upper bound for the capacity value of a
battery.

COMPARING BENEFITS TO COSTS

The annual costs just described can now be compared to the benefits estimated in
Sections 2,3, and 4. Recall that, as described in Section 2, there were no load-leveling benefits
on the CEA system. This resulted from the relative flatness of the hourly system marginal costs
(system lambda).

Because there are no load-leveling benefits, the battery system considered here would
have minimal storage capacity and would be used only to provide spinning reserve. In order
to maximize the net operating benefits, enough battery capacity must be added to allow the
recommitment of one of the marginal units; this would require 20 to 25 MW of batte~ capacity.
As described in Section 2, some of the smaller combustion turbines are frequently operated at
loadings far from their most efficient ones in order to provide spinning reserve. Addition of
battery storage to the CEA system would allow decommitting these smaller units, providing
substantial dynamic operating benefits. Because of the limitations imposed by the screening
nature of this analysis, it was difficult to determine precise, consistent estimates of these benefits,
However, a value of $40 to $70 per kW-year, levelized in current dollars, appears appropriate.

2. EwnomicFeasibilityoftheProposal 138kV TransmissionLinesin the Railbelt,preparedby Decision Focus Incorporated
for Railbelt Electric Utilities, December 1989.

3. $490 per kW combustion turbine capital cost times current dollar levelized fixed charge rate of 13.7%.
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cast/aenefit Analysis s-3

Section 3 described how the addition of battery storage to the CEA system could reduce
load shedding. We can estimate the dollar value of this reduced load shedding as folIows:

1. Unserved energy in the Anchorage area has been about 655 MWh/year4

2. The value of unserved energy is about $5/kWh5

3. Assume that the addition of a 20 MW battery to the system reduces
unserved energy by 5-10 percent.

Combining these assumptions yields a reduced load shedding benefit of $8 to $16 per kW of
battery capacity per year!

Time and budget constraints, together with the direction taken early in the project, made
it impossible to calculate potential T&D investment deferral benefits in any detail. However,
based on a qualitative analysis and detailed analyses for other utilities, potential T&D benefits
of $20 to $200 per kW of battery capacity would appear reasomble. Using the same levelized
fixed charge rate used above for levelizing battery capital costs yields a T&D benefit of $3 to $27
per kW of battery capacity per year.

Benefits in all categories are summarized in Table 5-1. In a screening level analysis such
as this, it is not possible to be more precise. For example, the T&D benefits a~every sitespecific
and can not be precisely calculated without identifying sites for battery installations and then
carrying out detailed T&D expansion plans with and without batteries.

Table 5-1
BENEFITS SUMMARY FOR CEA SYSTEM

Category Annual Benefit ($AW-year)

Capac”ity 30-70

Generation 40-70

Reduced Load Shedding 8-16

TOTAL 81-183

4. EwnomicFeasibilityoj the Proposed138kVTransmisswnLinesin tk Railbelt,prepanxl by Decision Focus Incqoreted
for Railbelt Ektric Utilities, December 1989.

5. Ibid.

6. 655 MWh/year x 1000 kWh/MWh x $5/kWh x 5-10%+ 20,W kw = W-16/kW-year.
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5-4 Cost/Senefithalysis

Comparing total benefits to the battery costs, which are roughly $50 to $60 per kW-year
for a l-hour battery, indicates that batteries maybe quite economic on the CEA system.
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6

CONCLUSIONS AND RECOMMENDATIONS

In this study several types of benefits that would occur from the addition of batteries to
the CEA system were calculated: generation (load-leveling dynamic operatin& and
environmental) and transmission and distribution. These benefits were also compared to the
costs of adding batteries. The results suggest that savings in dynamic operating costs and T&D
costs may justify the addition of batteries to the system.

GENERATION BENEFITS

Generation benefits were calculated for 18 days in each of three years (1994, 1996, and
2000), one weekday and one weekend day for each season (with spring and fall combined), using
data from CEA MAINPLAN runs. The benefits were calculated for five gas-fired combustion
turbine units whose operation is most likely to be affwted by the addition of batteries to the
system. The primary emphasis was on provision of spinning reserve with a one-hour battery.

Load-Leveling Benefits

Because the marginal units on the CEA system are gas-fired combustion turbines (the
Beluga and Bemice units) for all hours, the system marginal energy costs do not differ much
between on-peak and off-peak hours. Coupled with the assumed battery efficiency of around
80 percent, this means that no load-leveling savings could be achieved on the CEA system.

Dynamic Operating Benefits

A large portion of the operating costs of power plants results from fluctuating loads.
These costs are called dynamic operating costs, and include such things as startups, minimum
loading, load following, and ramping. Technologies such as batteries that can reduce these costs
are said to provide dynamic operating benefits.

For each of the 18 days the potential reduction in load following, minimum loading,
startup, and spinning reserve costs was calculated for each of the five units. The most cost-
effective unit for recommitment was identified on each day. By accounting for the relative
occurrence of each of the “day types” during the year, an annual savings was calculated. The
biggest component of the savings is from reductions in minimum loading costs. Averaging out
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the effect of load growth and accounting for inflation and increases in mtural gas prices, this is
equivalent to an annual savings of about $50, levelized in current dollars, per kilowatt per year.
The savings may increase in the future as load growth forces increasing utilization of less
economic units. The annual savings were about $18/kW-year in 1994, $55/kW-year in 1996, and
$25/W-year in 2000. The fluctuations arise from increases in natural gas prices and load
growth. Savings go up as gas prices increase, and can go up or down as load grows.

Envlronmentsl Benefits

Atmospheric emissions from fossil-fuel combustion in generation units are not much of
a concern in the Railbelt at this time. Should they become a concern, the capability of batteries
to reduce or otherwise modify emissions should be quantified. Similarly, if land use is a
significant concern, the potential for batteries to eliminate or defer new transmission lines should
be considered.

REDUCED LOAD SHEDDING BENEFITS

As described in Section 2, addition of battery storage to the CEA system would be
effective in reducing load shedding. The amount of the reduction would depend on the size of
the battery. A very approximate calculation indicates that the value of the reduced load
shedding could be $8 to $16 per kW of battery capacity per year.

TRANSMISSION AND DISTRIBUTION BENEFITS

Current CEA transmission and distribution facility expansion plans were reviewed to
identify T&D investments that might be avoided or deferred as a result of adding batte~ storage
to the CEA system. Several such investments were identified. Based on a qualitative review of
these investments and comparison with more detailed analyses for other utilities, potential T&D
benefits of $20 to $200 per kW of battery capacity appear reasonable. This is equivalent to a
T&D benefit of $3 to $27 per kW of battery capacity per year.

COST/BENEFIT ANALYSIS

Summing the capacity, generation, load shedding, and T&D benefits yields levelized
currentdollar savings of $81 to$183/kW-year, compared to a levelized current-dollar cost of $50
to $60/kW-year. These values suggest that batteries would be a cost-effective addition to the
CEA system.

Some benefits may be mutually exclusive. The interactions between the various benefits,
i.e., whether they are additive or mutually exclusive, depends on storage size, location, system

load shapes, load shapes at individual substations and on individual transmission and
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Conclusions and Recommendations S-3

distribution lines, how the system (including the battery) is operated, and on any equipment
defemd as a result of adding batteries.

RECOMMENDATIONS

Based on the results of this screening-level study, it is recommended that CEA seriously
consider the addition of battery storage to its system. A detailed study to verify the findings of
this initial screening study and’ to calculate the benefits more precisely is nxommended. Such
a study should include the following aspects

1. More detailed calculation of generation dynamic operating costs and

benefits should be carried out, including examination of multiple weeks
of system operation during each of a larger number of years than was
considered here. Such calculation should fully account for changes in
system operation as load grows, and should identify all possible operation
savings, not only those that arise when a unit is completely decommitted.

2. More detailed T&D analysis should be carried out to verify the

assumptions and findings discussed here.

3. Particular care should be paid to the interactions among the various
benefits, to ensure that batteries are not being justified on the basis of
benefits that may be mutually exclusive.

4. Comparative evaluation of the economics of battery storage with other
capacity additions under consideration by CEA. Such detailed study
would also allow a better assessment of the “optimum” battery size and
the best time for adding the battery plant to the CEA system.

5. A broader perspective, which looks at the benefits of battery storage to the
Railbelt utilities as a whole, should be considered. The broader
perspective might show increased benefits, while there would be no
change in battery costs. In particular, because of CEA’S arrangements for
selling economy energy to the Golden Valley Electric Association, the
reduced spinning reserve costs made possible by batteries might be more
valuable to one of the other Railbelt utilities than to CEA.
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DAILY CEA SYSTEM LOAD SHAPES
AND MARGINAL GENERATION COSTS
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Figure A-1. Native Daiiy Load Shapes-Winter 1994
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Figure A-2. Native Daiiy Load Shapes-Summer 1994
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Figure A-4. Native Daiiy Load Shapea-Winter 1996
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Figure A-5. Native Daily Load Shapea-Summer 1996
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Figure A-6. Native Daily Load Shapea-Spring/Fall 1996
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Figure A-7. Native Daily Load Shapea-Winter 2000
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Figure A-9. Native Daiiy Load Shape~pring/Faii 2000
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Figure A-14. System Marginal Cost-Summer 1996
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Figure A-15. System Marginal Cost-Spring/Fall 1996
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GENERATION SCHEDULES FOR STABILITY
ANALYSIS SCENARIOS

This appendix presents the generation schedule for each scenario studied in this report.

For the winter load case Beluga #5,6,7 and 8, the Bradley and Eklutna units, Healy and
Chena 5 are at their maximum capacity. North Pole is at 50 MW (60 MW capacity), AMLP Unit
7 is at 72 MW (85 MW capacity) and AMLP Unit 6 is at 23 MW.

Scenario 1: Beluga 3 at 55.7 MW, Bernice Lake at 10 MW, Cooper 1 & 2 at 13 MW and
AMLP Unit 8 at 23.8 MW.

Scemno 2 & 3: Beluga 3 at 55.7 MW, Bemice Lake at 10 MW and Cooper 1 & 2 at 13
MW. In this scenario, AMLP Unit 8 is taken off line and its generation replaced with AMLP
Unit 1 at 5MW (17 MW capacity) and AMLP Unit 5 at 18.8 MW (37 MW capacity). ‘“

Scemno 4: Bemice Lake taken off-line. Beluga 3 is therefore at 62.7 MW and Cooper #1

& #2 are at their maximum capacity of 16 MW. The AMLP units areas in Scenario 2 and 3.

For the summer load case Beluga 6, Beluga 8 and Healy are at maximum capacity,
Eklutna is at 7 MW (16 MW capacity), Chena 5 is at 12.5 MW (18 MW capacity), Bradley 1 & 2
are at 15 MW each, AMLP Unit #6 is at 12 MW, and AMLP Unit #7 is at 38 MW (72 MW
capacity).

Scenario 5: Beluga 1 at 5 MW (15 MW capacity), Beluga 2 at 5 MW (16 MkYcapacity), and
Beluga 3 at 31.6 MW.

Scemno 6: Beluga 1 at 5 MW (15 MW capacity), Beluga 2 off-line and Beluga 3 at 36.6

MW.

Scenario 7 Beluga 1 and 2 off-line and Beluga 3 at 41.6 MW.
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PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS/E SUN, DEC 29 1991 13:13
1991 WINTER PEAK LOAD. NO BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CBENA 5, IiEALY.

GENERATOR SUMMARY:
BUS NAME BSVLT #NAC TYP
3 BELUGA3G13.8
5 BELUGA5G13.8
6 BELUGA6G13.8
7 BELuGA7G13.e
8 BELUGA8G13.8

24 EKLUT 2G6.90
25 EIUUT 1G6.90
34 TEELAND 13.8
67 BERN 3G 13.8
79 cOOP162G4.20
121 FORT W. 12.4
201 GLDHLSVS13.8
210 N. POLE 13.8
213 CEENA 12.5
368 IHMLLYSVS12.O
370 HEALY 1G13.8
501 BRADLY1G13.8
502 BRADLY2G13.8
601 PLNT2 6G13.8
602 PLNT2 7G13.8
603 PLNT2 8G13.8
691 TESOR01G24.9

SUBSYSTEM TOTALS

13
12
12
12
12
12
12
12
12
22
42
1 -2
22
32
12
12
12
12
12
12
1 -2
1 -2

Mw
55.7
59.0
78.0
75.0
54.0
16.0
16.0

0.0
10.0
13.0

7.5
0.0

50.0
20.0

0.0
25.0
45.0
45.0
23.0
72.0
23.8

4.1
692.1

MVAR
6.4
5.6
7.7
5.3
5.6
3.0
3.0
6.7
8.7
3.4
1.7

33.0
7.7
9.9
7.1
3.1
3.6
3.7

12.2
32.2
52.3

1.5
223.5

QMAX
24.8
33.0
37.1
37.1
30.0

7.3
7.3

22.0
13.9
14.7

5.4
33.0
34.8
12.2
22.0
15.5
19.7
19.7
20.5
49.7
52.3

1.5

QMIN VSCHED VACTUAL
-12.4 1.0150 1.0150
-16.5 1.0150 1.0150
-11.1 1.0180 1.0180
-11.1 1.0150 1.0150
-15.0 1.0150 1.0150
-2.2 1.0000 1.0000
-2.2 1.0000 1.0000

-22.0 1.0050 1.0050
-6.9 1.0300 1.0300
-9.2 1.0300 1.0300
-2.6 1.0500 1.0500
-5.0 1.0280 1.0199

-17.4 0.9860 0.9860
-4.0 1.0350 1.0350

-33.0 1.0220 1.0220
-7.5 1.0140 1.0140
-19.7 1.0000 1.0000
-19.7 1.0000 1.0000
-10.2 1.0200 1.0200
-24.8 1.0000 1.0000
-26.1 1.0320 1.0292
1.5 1.0300 1.0235

REM

15

202

37

513.4 -277.1 MVABASE-Z 1100.3

B-L



PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS/E SUN, DEC 29 1991 13:13
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP +1 & #5 ARE ON. Seewwlo a.3
NU MrxILKx Ax LNXL ae.anv.

GENERATOR SUMMARY:
BUS NAME BSVLT #MAC TYP
3 BELUGA3G13.8
5 BELUGA5G13.8
6 BELuGA6G13.8
7 BELuGA7G13.8
8 BELUGA8G13.8

24 EKLUT 2G6.90
25 EKLUT 1G6.90
34 TEELAND 13.8
67 BERN 3G 13.8
79 cOOP162G4.20
121 FORT W. 12.4
201 GLDHLSVS13.8
210 N. POLE 13.8
213 CHENA 12.5
368 HEALYSVS12.O
370 HSALY 1G13.8
501 BRADLY1G13.8
502 BRADLY2G13.8
600 PLNT2 5G13.8
601 PLNT2 6G13.8
602 PLNT2 7G13.8
607 PLNT1 1G13.8
691 TEsOR01G24.9

SUBSYSTEM TOTALS

13
12
12
12
12
12
12
12
12
22
42
1 -2
22
32
12
12
12
12
1 -2
12
12
12
1 -2

5?5
59.0
78.0
75.0
54.0
16.0
16.0
0.0
10.0
13.0
7.5
0.0

50.0
20.0
0.0

25.0
45.0
45.0
18.8
23.0
72.0
5.0
4.1

691.9

MVAR
8.3
7.0
9.5
7.4
7.7
4.2
4.2
9.7
8.9
3.7
1.7

33.0
7.7
9.9
7.1
3.1
3.8
3.9

17.1
18.1
39.8

6.3
1.5

QM
24.8
33.0
37.1
37.1
30.0
7.3
7.3

22.0
13.9
14.7
5.4

33.0
34.8
12.2
22.0
15.5
19.7
19.7
17.1
20.5
49.7
9.4
1.5

QMIN vSC~D VACTUAL
-12.4 1.0150 1.0150
-16.5 1.0150 1.0150
-11.1 1.0180 1.0180
-11.1 1.0150 1.0150
-15.0 1.0150 1.0150
-2.2 1.0000 1.0000
-2.2 1.0000 1.0000
-22.0 1.0050 1.0050
-6.9 1.0300 1.0300
-9.2 1.0300 1.0300
-2.6 1.0500 1.0500
-5.0 1.0280 1.0199
-17.4 0.9860 0.9860
-4.0 1.0350 1.0350

-33.0 1.0220 1.0220
-7.5 1.0140 1.0140

-19.7 1.0000 1.0000
-19.7 1.0000 1.0000
-8.5 1.0150 0.9965

-10.2 1.0200 1.0200
-24.8 1.0000 1.0000
-4.7 1.0200 1.0200
1.5 1.0300 1.0227

REM

15

202

37

223.7 487.6 -264.2 MVABASE= 1055.8

~-3



PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS/E SUN, DEC 29 1991 13:13
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON. 5@xlu q
NO BATTERY. GOVS DISABLED. BERNICE LAKE UNIT IS OFF.

GENERATOR SUMMARY:
BUS NAME BSVLT #MAC TYP
3 BELUGA3G13.8 1 3
5 BELUGA5G13.8 1 2
6 BELUGA6G13.8 1 2
7 BELUGA7G13.8 1 2
8 BELUGA8G13.8 1 2

24 EKLUT 2G6.90 1 2
25 EKLUT 1G6.90 1 2
34 TEELAND 13.8 1 2
79 COOPl&2G4.20 2 2
121 FORT W. 12.4 4 2
201 GLDHLSVS13.8 1 -2
210 N. POLE 13.8 2 2
213 CHENA 12.5 3 2
368 HEALYSVS12.O 1 2
370 HEALY 1G13.8 1 2
501 BRADLY1G13.8 1 2
502 BRADLY2G13.8 1 2
600 PLNT2 5G13.8 1 -2
601 PLNT2 6G13.8 1 2
602 PLNT2 7G13.8 1 2
607 PLNT1 1G13.8 1 2
691 TESOR01G24.9 1 -2

SUBSYSTEM TOTALS

Nw
62.7
59.0
78.0
75.0
54.0
16.0
16.0

0.0
16.0

7.5
0.0

50.0
20.0

0.0
25.0
45.0
45.0
18.8
23.0
72.0

5.0
4.1

692.1

MVAR
8.9
7.3
9.9
7.9
8.2
4.3
4.3

10.1
5,7
1.7

33.0
7.7
9.9
7.1
3.1
7.7
7.8
17.1
18.4
40.2
6.4
1.5

QM
24.8
33.0
37.1
37.1
30.0

7.3
7.3

22.0
14.7

5.4
33.0
34.8
12.2
22.0
15.5
19.7
19.7
17.1
20.5
49.7

9.4
1.5

QMIN VSCHED VACTUAL
-12.4 1.0150 1.0150
-16.5 1.0150 1.0150
-11.1 1.0180 1.0180
-11.1 1.0150 1.0150
-15.0 1.0150 1.0150
-2.2 1.0000 1.0000
-2.2 1.0000 1.0000

-22.0 1.0050 1.0050
-9.2 1.0300 1.0300
-2.6 1.0500 1.0500
-5.0 1.0280 1.0199

-17.4 0.9860 0.9860
-4.0 1.0350 1.0350
-33.0 1.0220 1.0220
-7.5 1.0140 1.0140
-19.7 1.0000 1.0000
-19.7 1.0000 1.0000
-8.5 1.0150 0.9958

-10.2 1.0200 1.0200
-24.8 1.0000 1.0000
-4.7 1.0200 1.0200
1.5 1.0300 1.0237

REM

15

202

37

228.4 473.7 -257.3 MVABASE= 1026.2



PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS/E SUN, DEC 29 1991 13:14
1989 SUMMER NORMAL LOAD. BELUGA 1 & 2 AT 5MW SACH.
NO BATTERY AT INTL 34.5KV.

Seewmzlo 5

GENERATOR SUMMARY:
BUS NAME BSVLT #MAC TYP

1 BELUGA1G13.8
2 BELUGA2G13.8
3 BELUGA3G13.8
6 BELUGA6G13.8
8 BELUGA8G13.8

24 EKIJJT2G6.90
34 TEELAND 13.8
121 FORT W. 12.4
201 GLDHLSVS13.8
213 CHENA 12.5
368 HEALYSVS12.O
370 HEALY 1G13.8
501 BRADLY1G13.8
502 BRADLY2G13.8
601 PLNT2 6G13.8
602 PLNT2 7G13.8
691 TESOR01G24.9

SUBSYSTEM TOTALS

12
12
13
1 -2
1 -2
1 -2
1 -2
42
12
32
12
12
12
12
12
12
1 -2

Mw
5.0
5.0
31.6
59.0
24.0
7.0
0.0
5.9
0.0
12.5
0.0

25.0
15.0
15.0
12.0
38.0
4.1

259.0

MVAR
-3.6
-4.5
-15.8
-11.1
-15.0
-2.2
-22.0

0.1
15.9
2.0

-19.7
3.1

-7.1
-7.1
-6.4
6.9
1.5

-85.1

QW
9.9
9.9

24.8
37.1
30.0
7.3

22.0
5.4
33.0
12.2
22.0
15.5
19.7
19.7
20.5
49.7
1.5

340.2

QMIN VSCHED VACTUAL REM
-4.9 1.0150 1.0150
-4.9 1.0100 1.0100
-12.4 1.0150 1.0150
-11.1 1.0180 1.0233
-15.0 1.0150 1.0202
-2.2 1.0000 1.0218

-22.0 1.0050 1.0253 15
-2.6 1.0500 1.0500
-5.0 1.0280 1.0280 202
-4.0 1.0350 1.0350
-33.0 1.0220 1.0220 37
-7.5 1.0140 1.0140
-19.7 1.0000 1.0000
-19.7 1.0000 1.0000
-10.2 1.0200 1.0200
-24.8 1.0000 1.0000

1.5 1.0300 1.0441
-197.5 MVABASE- 749.9

f3-5



PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS/E SUN, DEC 29 1991 13:14
1989 SUMWBR NORMAL LOAD. BELUGA 1 AT 5MW.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. Sc@wzlo b

GENBRATOR SUl@iARY:
BUS NAME BSVLT #MAC TYP

1 BELUGA1G13.8
3 BELUGA3G13.8
6 BELUGA6G13.8
8 BELUGA8G13.8
24 EKLUT 2G6.90
34 TEELAND 13.8
42 INTRNATL34.5
121 FORT W. 12.4
201 GLDHLSVS13.8
213 CSENA 12.5
368 EBALYSVS12.O
370 EEALY 1G13.8
501 BRADLY1G13.8
502 BRADLY2G13.8
601 PLNT2 6G13.8
602 PLNT2 7G13.8
691 TEsOR01G24.9

SUBSYSTEM TOTALS

12
13
1 -2
1 -2
1 -2
1 -2
1 -2,
42
12
32
12
12
12
12
12
12
1 -2

Mw
5.0

36.6
59.0
24.0
7.0
0.0
0.0
5.9
0.0

12.5
0.0

25.0
15.0
15.0
12.0
38.0
4.1

259.1

MVAR
-4.1

-17.9
-11.1
-15.0

-2.2
-22.0

0.0
0.1

15.8
2.0

-20.0
3.1

-7.3
-7.3
-7.2

5.9
1.5

-85.6

QMAX
9.9

24.8
37.1
30,0
7.3

22.0
0.0
5.4

33.0
12.2
22.0
15.5
19.7
19.7
20.5
49.7
1.5

330.3

QMIN VSCHED VACTUAL REM
-4.9 1.0150 1.0150
-12.4 1.0150 1.0150
-11.1 1.0180 1.0267
-15.0 1.0150 1.0235
-2.2 1.0000 1.0238
-22.0 1.0050 1.0274 15

0.0 1.0000 1.0531
-2.6 1.0500 1.0500
-5.0 1.0280 1.0280 202
-4.0 1.0350 1.0350
-33.0 1.0220 1.0220 37
-7.5 1.0140 1.0140
-19.7 1.0000 1.0000
-19.7 1.0000 1.0000
-10.2 1.0200 1.0200
-24.8 1.0000 1.0000

1.5 1.0300 1.0449
-192.6 MVABASE= 761.1



PTI INTERACTIVE POWER SYSTEM SIt4ULATOR--PSS/E SUN, DEC 29 1991 13:15
1989 SUMMSR NORMAL LOAD. BRADLEY 1 & 2 EACH AT 15MW.
30 MVA BATTERY AT INTL 34.5KV, O t4WOUTPUT.

..ScC-f+-mo 1

GENERATOR SUMMARY:
BUS NAMS BSVLT #MAC TYP
3 BELUGA3G13.8
6 BELuGA6G13.8
8 BELUGA8G13.8

24 EIUUT 2G6.90
34 TEELAND 13.8
42 INTRNATL34.5
121 FORT W. 12.4
201 GLDHLSVS13.8
213 CSENA 12.5
368 lHlALYsvs12.O
370 HEALY 1G13.8
501 BRADLY1G13.8
502 BRADLY2G13.8
601 PLNT2 6G13.8
602 PLNT2 7G13.8
691 TESOR01G24.9

SUBSYSTEM TOTALS

13
1 -2
1 -2
1 -2
1 -2
1 -2
42
1 ‘2
32
12
12
12
12
12
12
1 -2

Mw
41.6
59.0
24.0

7.0
0.0
0.0
5.9
0.0

12.5
0.0

25.0
15.0
15.0
12.0
38.0

4.1
259.1

MVAR
-20.0
-11.1
-15.0
-2.2

-22.0
0.0
0.1
15.9
2.0

-20.2
3.1

-7.4
-7.4
-8.0
4.8
1.5

-86.0

24.8
37.1
30.0
7.3

22.0
0.0
5.4

33.0
12.2
22.0
15.5
19.7
19.7
20.5
49.7
1.5

320.4

QMIN vSCHED VACTUAL REM
-12.4 1.0150 1.0150
-11.1 1.0180 1.0300
-15.0 1.0150 1.0269
-2.2 1.0000 1.0260

-22.0 1.0050 1.0295 15
0.0 1.0000 1.0558

-2.6 1.0500 1.0500
-5.0 1.0280 1.0280 202
-4.0 1.0350 1.0350

-33.0 1.0220 1.0220 37
-7.5 1.0140 1.0140

-19.7 l.OOOO 1.0000
-19.7 1.0000 1.0000
-10.2 1.0200 1.0200
-24.8 1.0000 1.0000

1.5 1.0300 1.0458
-187.7 MVABASE= 772.3

B-7
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c

STABILITY ANALYSIS: SCENARIO 1

This appendix contains the simulations of Scemrio 1. Battery sizes from 15 to 30 MW

and droop settings of 0.5% and 1‘ZOwere used. A simulation case was also run in which no
battery was used. In this scenario, the disturbance consisted of a 54 MW loss of generation.
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w 1991 WINTER PEAK LOAD. NO MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED” AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS.

FILE: GD-00.CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 +------+ -1.000

INTERNATIONAL 34.5KV VOLTAGE (PU)
1.1500 * ----------- e 0.70000

BATTERY OUTPUT (NW)
50.000 +———4 -50.00

INTERNATIONAL 34.5KV FREQ (HZ)
60.500 s a 58.000
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w 1991 WINTER PEAK LOAD. 15 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. t% DROOP.

FILE: GD15-%.CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 +------+ -1.000

INTERNATIONAL 34.5KV VOLTAGE (PU)
1.1500 + ----------- 0 0.70000

BATTERY OUTPUT (NW)
50.000 +———4 -50.00
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w 1991 WINTER PEAK LOAD. 15 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY. m

TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.
M

DROOP .
mm
““ (/2

xi
2Z

FILE: GD15- , CHN
0,5+?0

.:
gcn

;2

BATTERY STABLIZER OUTPUT (PU) “*

1.0000 +—–----+ -1.000
:x

nlxl
INTERNATIONAL 34.5KV VOLTAGE (PU)

1.1500
b

+-----------0 0.70000 z’ H

BATTERY OUTPUT (MW)
g~

50.000 +———4 -50.00 m

INTERNATIONAL 34.5KV FREQ (HZ)
60.500 c ❑ 58.000
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@

1991 WINTER PEAK LOAD. 20 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. ~% DROOP.

u

J&lI
FILE: GD20- . CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 +–-----+ -1.000

INTERNATIONAL 34.5W VOLTAGE (PU)
1.1500 e-----------o 0.70000

BATTERY OUTPUT (NW)
50.000 +———4 -50.00
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v 1991 WINTER PEAK LOAD. 20 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY. In

TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.~% DROOP.
mm
““ m

:Z
FILE: GD20-$&CHN o

.(3.4
~cn
2EI
wd

BATTERY STABLIZER OUTPUT (PU) “*

1.0000 + -—_ —— –+ -1.000
C@

QH
INTERNATIONAL 34.5KV VOLTAGE (PU) H

1.1500 e-----------e 0.70000 z’ H

BATTERY OUTPUT (NW)
g~

50.000 + ——— 4 -50.00 m
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w 1991 WINTER PEAK LOAD. 25 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: GD25-01.CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 +------+ -1.000

INTERllATIONAL34.5KV VOLTAGE (PU)
1.1500 ● .----------Q 0.70000

BATTERY OUTPUT (NW)
50.000 + —— —4 -50.00
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w 1991 WINTER PEAK LOAD. 25 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 34 MW AT T=O.5 SECONDS. 0.5?70 OfLO@

FILE: GD25-005.CHN

wOKI
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*C4

BATTERY STABLIZER OUTPUT (PU) ‘x

1.0000 + + :(x---- -- -1.000
Cllxl
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1.1500

H
* ----------- 0 0.70000 z’ H
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g~
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w 1991 WINTER PEAK LOAD. 30 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: GD30-01.CHN

BATTERY STABLIZER OUTPUT (PU) ‘w
1.0000 +–---––-t -1.000

:~

Qm
INTERNATIONAL 34.5KV VOLTAGE (PU)

1.1500 e-----------o .H
0.70000

BATTERY OUTPUT (NW) E;
50.000 4———-4 -50.00

I TNT17~NTiWTnNliT 3A C.v!r nnnn IU171-...-.=---- “..- +. . 4’,” .. w~ ,rza 1
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?’
1991 WINTER PEAK LOAD. 30 MVA BATTERY AT INTL. 34.5.
GOVERNORS DISABLED AT BELUGA 5,6,7, CHENA 5, HEALY.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS. o.SqO buoop

FILE: GD30-005.CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 +-----—+ -1.000

INTERNATIONAL 34.5KV VOLTAGE (PU)
1.1500 + ----------- 0 0.70000

BATTERY OUTPUT (MW)
50.000 +———4 -50.00
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D

STABILITY ANALYSIS: SCENARIO 2

This appendix contains the simulations of Scenario 2. Battery sizes from 15 to 30 MW
and droop settings of 0.570 and 19’owere used. A simulation case was also run in which no
battery was attached. For this scenario, the disturbanceconsisted of a 54 MW loss of generation.
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #l & #5 ARE ON.
NO BATTERY AT INTL 34.5KV.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. q% DROOP.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 AkE ON.
15 MVA BATTERY AT .INTL 34.5KV, O MW OUTPUT. GOVS DISABLED,
TRIP BELUGA #8 AT 54MW AT T=0.5 SECONDS.~,@ DROOP.

FILE: AM15-~.CHN

BATTERY STABLIZER OUTPUT (PU)
1.0000 + --—- -- + -1.000

INTERNATIONAL 34.5KV VOLTAGE (PU)
1.1500 * ----------- 0 0.70000

BATTERY OUTPUT (NW)
50.000 +———4 -50.00

INTERNATIONAL 34.5KV FREQ (HZ)
60.500 E ❑ 58.000

I
I
I
I
I
\
I
I

+
I
\
I
I
\
\
I
\
\
I
I

4’

\
\ Y “,

—

0

z
z

0
0
0

1-
!-4

0
0
0

w
N

0
0
0

,+
(u

0
0
0

co
,-+

0
0
0

m
d

0
0
0

N
A

0
0
0
0

m

0
D

z
w

0

z
0

—
i (+

‘.-
--~

-----

I 0
0

D-L+



w 1991 WINTER PEAK LOAD, AMLP #8 IS OFF, AMLP, #l & #5 ARE ON.
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. ~% DROOP.

FILE: AM20-g.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS .O~qoDROOP.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: AM25-01.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS. 04590 buooP
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
30 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: AM30-01.CHN
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #l & #5 ARE ON.
30 BATTERY AT INTL 34.5KV. 0,5~o bQO~P
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS.
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STABILITY ANALYSIS: SCENARIO 3

This appendix contains the simulations of Scenario 3. Battery sizes from 15 to 25 MW
and droop settings of 0.5% and 170 were used. A simulation case was also run in which no
battery was used. In this scenario, two disturbances were studied: a 54 MW loss of generation
and a 95 MW loss of generation.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
NO BATTERY AT INTL 34.5KV.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED. o

TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. a% DROOP.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #l & #5 ARE ON.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.~$% DROOP.
LOAD SHED RELAYS AT BUS 204 ACTIVATED.
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. g% DROOP.
LOAD SHED RELAYS AT BUS 204 ACTIVATED.
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.0,~%
LOAD SHED RELAYS AT BUS 204 ACTIVATED.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED. m

TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. ~% DROOP.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP
25 MVA BATTERY AT .INTL 34.5KV, O MW OUTPUT.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS .f9,!J%
LOAD SHED RELAYS AT BUS 204 ACTIVATED.
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP ~~~ AT ~ MW AT T=O.5 SECONDS. Ibo OI?OOP.
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #l & #5 ARE ON.
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP ~ AT ~ MW AT T=O.5 SECONDS. t~o b@~OP
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. GOVS DISABLED.
TRIP ~ AT ~ MW AT T=O.5 SECONDS. /~0 ~f100P
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #i & #5 ARE ON.
30 BATTERY AT INTL 34.5KV. 190 ~(u)oP
TRIP UNIT # 6 & 7 AT 95 MW AT T=O.5 SECONDS.
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?’
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
35 BATTERY AT INTL 34.5KV. f% bI?OOP

TRIP UNIT #6 & 7 AT 75 MW AT T=O.5 SECONDS.
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T
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
40 BATTERY AT INTL34.5KV. [90b6zoO~

TRIP UNIT # 6 & 7 AT 95 MW AT T=O.5 SECONDS.

FILE: S3U7-40.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
NO BATTERY. GOVS DISABLED. BERNICE LAKE UNIT IS OFF.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS.

FILE: CEA-00.CHN

BATTERY STABLIZER OUTPUT (PU)
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F

STABILITY ANALYSIS: SCENARIO 4

This appendix contains the simulations of Scenario 4. Battery sizes from 15 to 50 MW
and droop settings of 0.5?40and 1YO were used. A simulation case was also run in which no
battery was used. In this scenario, two disturbances were studied: a 54 W loss of generation
and a 95 MW loss of generation.
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
15 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS. f% bfu)of.

FILE: CEA15-01.CHN
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T
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
15 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54 MW AT T=O.5 SECONDS. ~,s~~ bwOP

FILE: CEA15-05.CHN
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
20 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: CEA20-01.CHN
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v 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
20 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT “54MW AT T=O.5 SECONDS.U~ DROOP.
LOAD SHED RELAYS AT BUS 204 ACTIVATED. ~.

FILE: CEA20-l?M.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: CEA25-01.CHN

BATTERY STABLIZER OUTPUT (PU)
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
25 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF,
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.UJ% DROOP.
LOAD SHED RELAYS AT BUS 204 ACTIVATED. = ~ m ~.

FILE: CEA25-IX.CHN
005
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
30 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS. 1% DROOP.

FILE: CEA30-01.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
30 MVA BATTERY, O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP BELUGA #8 AT 54MW AT T=O.5 SECONDS.O,S% DROOP.
LOAD SHED RELAYS AT BUS 204 ACTIVATED. @!S _ ~ ~.

FILE: CEA30-~.CHN
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w 1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
20 MVA BATTERY,. O MW OUTPUT. GOVS DISABLED. BERNICE IS OFF.
TRIP ~ = AT ~fMW AT T=O.5 SECONDS.

Uufr *C,7
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T
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
30 MVA BATTERY. GOWS DISABLED. BERNICE LAKE UNIT IS OFF.
TRIP UNIT # 6 & 7 AT 95 MW AT T=O.5 SECONDS. !90 t)aoop

FILE: S4U7-30.CHN
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T
1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
40 MVA BATTERY. GOVS DISABLED. BERNICE LAKE UNIT IS OFF.
TRIP UNIT # 6 & 7 AT 95 MW AT T=O.5 SECONDS. t%O bWOP.

FILE: S4U7-40.CHN .Z
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1991 WINTER PEAK LOAD. AMLP #8 IS OFF, AMLP #1 & #5 ARE ON.
50 MVA BATTERY. GOVS DISABLED. BERNICE LAKE UNIT IS OFF. :E7
TRIP UNIT # 6 & 7 AT 95 MW AT T=O.5 SECONDS. [~o bUoo?
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G

STABILITY ANALYSIS: SUMMER LOAD CASE

In this appendix, the simulations of the summer load case are presented. Under the
summer load case, three scenarios were studied. In each scenario, the effects of various battery
sizes, from 15 to 25 W were examined. A simulation is also run without a battery. A
disturbance consisting of a 50 W loss of generation is used.
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w 1989 SUMMER NORMAL LOAD. BELUGA 1 & 2 AT 51vIW EACH.
NO BATTERY AT INTL 34.5KV.
TRIP UNIT # 6 & 7 AT 50 MW AT T=O.5 SECONDS.
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T
1989 SUMMER NORMAL LOAD. BELUGA 1 & 2 AT 5 MW EACH.
15 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. ~~o bb~~.
TRIP UNIT # 6 & 7 AT 50 MW AT T=O.5 SECONDS.

FILE: B12U7-15.CHN
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w 1989 SUMMER NORMAL LOAD. BELUGA 1 & 2 EACH AT 5MW.
20 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. (@(j btwoP

TRIP UNIT #6 & #7 AT .9$MW AT T=O.5 SECONDS.
1% DROOP.

FILE: B12U7-20.CHN
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w 1989 SUMMER NORMAL LOAD. BELUGA 1 & 2 EACH AT 5MW.
25 MVA BATTERY AT INTL 34.5KV, O MW OUTPUT. I?O P#OO+?

TRIP UNIT #6 & #7 AT 5$MW AT T=O.5 SECONDS.
1% DROOP.

FILE: B12U7-25.CHN
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tf~

1989 SUMMER NORMAL LOAD. BELUGA 1 AT 5MW.
NO BATTERY AT INTL 34.5KV.
TRIP UNIT #6 & #7 AT #MW AT T=O.5 SECONDS.

FILE: B1OU7-OO.CHN
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EXECUTIVE SUMMARY

This report describes the results of a screening study to detexmine the benefits of adding
megawatt-scale battery storage to the San Diego Gas and Electric (SDG&E) system. The report
addresses generation, transmission, and distribution benefits of storage, with a primary focus on
benefits that are typically difficult to quantify. The report also compares the potential benefits
to the costs of adding battery storage.

BENEFITS OF ENERGY STORAGE

The addition of a storage unit to a utility system can provide a wide range of benefits
that depend on the characteristics of the individual utility, the way in which the storage unit is
operated, and the siting of the storage unit as well. Generation load-leveling has long been
advocated as the primary reason for adding storage to a utility’s generating mix. The most
obvious benefit and the easiest to quantify, load-leveling results in the replacement of expensive
peak power with cheaper power from base-load plants, increasing the capaaty factor of the base-
load plants during off-peak periods to displace the use of premium oil/gas fuels during on-peak
periods. In the past several years, generation dynamic operating benefits (DOBs) have also been
recognized as significant benefits of storage plants. The types of benefits include those accruing
from the provision of spinning reserve, reduced minimum loadin& and fast response rates
These benefits are overlooked in conventional methods. Another commonly recognized benefit
from storage in general, and batteries in particular, is reduction in transmission and distribution
(T&D) COSk. T&D benefi~ are due h part to the siting flexibility and in part to the rapid
response times for batteries. T&D benefits include deferral of T&D investment, reduced losses,
and voltage regulation, as well as others.

SDG&E FINDINGS

Generation Benefits

Generation benefits were calculated for eight days during 1990-1991, one weekday and
one weekend day for each season, using actual SDG&E data. The benefits were calculated for
five gas-fired steam turbine units whose operation is most likely to be afftxted by the addition
of batteries to the system. Two modes of battery operation were considered daily
chargeldischarge with a three-hour battery, and provision of spinning reserve only with a one-
hour battery.

Load-Leveling. Because the marginal units on the SDG&E system are typically gas-fired steam
turbines for all hours (usually the Encina and South Bay utits), the system margiml energy costs
do not differ much between on-peak and off-peak hours. Coupled with the assumed battery
effiaency of around
the SDG&E system.

mm

80 percent, this means that no load-leveling savings could be achieved on
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S-2 ExamtiveSummary

Dynamic Operating. For each of the eight days the potential reduction in load followin&
minimum loadin& startup, and spinning reserve costs was calculated for each of the five unik.

The most cost-effective unit for d-ommitment was identified on each day. For the 1990-1991
period, the savings was about $23-26 per kilowatt per year of battery mpaaty; the biggest
component of the savings is from reductions in load-following costs. That is, each kilowatt of
battery capacity would reduce annual system operating costs 23 to 26 dollars. Accounting for
inflation and increases in natural gas prices, this is equivalent to an annual savings of about $50,
levelized in current dollam, per kilowatt per year. The savings are likely to increase in the future
as load growth forces increasing utilization of less economic units.

Environmental. Storage in general, and batteries in particular, have the potential to shift the
type and location of emissions of NOX, SOx, and C02; NOX is of greatest concern in southern
California. Even if providing only spinning reserve, batteries have the potential to reduce NOX
emissions by allowing the system to be operated more effiaently. The addition of batteries to
the system might also make it unnecessary to retrofit expensive pollution controls to an existing
gas-fired unit, if that unit’s operation would be sharply reduced as a result of adding batteries.

Transmission and Distribution Benefits

This project identified the potential role battery storage could play in providing equal or
better performance than other transmission and distribution (T&D) options, such as adding new
T&D facilities and equipment. Current SDG&E transmission and distribution facility expansion
study results and transmission and distribution system design practices were reviewed with
SDG&E personnel to identify anticipattxi and potentially needed transmission additions.

The findings of this initial study indicate that strategically installing battery storage on
the SDG&E system may result in large T&D system benefits-up to $1200/kW. The actual
magnitude of the site specific T&D benefits and corresponding battery storage requirements
should be determined on a case-by<ase basis from more detailed analysis. Further analysis
should include the development of load profiles for substations that are candidate battery sites
so that the number of hours of storage required for equipment deferral can be determined.

COST/BENEFIT ANALYSIS

Table S-1 summarizes the findings. Summing the capacity, generation, environmental,
and T&D benefits yields levelized current-dollar savings of $100 to $370/kW-year, compared to
a levelized current-dollar cost of $60 to $130/kW-year. 1 Th-e values suggest that batteries
would be a cost-effective addition to the SDG&E system.

1. There am no commonly accepted estimates for battery storage system costs. The cost estimates used here are from
EPRI’sTechnical Assessment Guide (’TAG,19S9). The total cost is $703/kW for a >hour battery, including land cost.
Reducing the storage component in the TAG cost estimates for a 3-hour battery by two thirds yields an estimated cost
of $3.50/kW for a l-hour battery. With a levelized fixed charge rate of 16 percent, this is equivalent to $60/kW-year
for a l-hour battery and $130/kW-year for a 3-hour battery.

azma LkMlrl Flullshxwponsed



Executive Summary S.3

Table S-1
BENEFl~ SUMMARY FOR SDG&E SYSTEM

category Annual Benefit ($/kW-year)

capacity 40-75

Generatbn 50-75

T&D 10-200

Environmental 1-20’

TOTAL 100-370

●For charging with on-system units.

Some benefits may be mutually exclusive. The interactions between the various benefits,
i.e., whether they are additive or mutually exclusive, depends on storage size, location, system
load shapes, load shapes at individual substations and on individual transmission and
distribution lines, how the system (including the battery) is operated, and on any equipment
deferred as a result of adding batteries.

RECOMMENDATIONS

Based on the results of this screening-level study, it is recommended that SDG&E
seriously consider the addition of battery storage to its system. A detailed study to verify the
findings of this initial screening study and to calculate the benefits more precisely is
recommended. Such a study should include the following aspects

1. More detailed calculation of generation dynamic operating costs and
benefits should be carried out, including examination of multiple weeks
of system operation during the course of the year and consideration of
how system operation, and especially the operation of marginal units, is
likely to change in the future.

2. Detailed T&D expansion studies should be carried out, with and without
batteries. Potential sites for installing batteries should be identified.
Interactions among the various benefits should be considered to ensure
that batteries are not being justified on the basis of benefits that may be
mutually exclusive.

3. Comparative evaluation of the economics of battery storage with other
capacity additions under consideration by SDG&E should be carried out.

Such detailed study would also allow a better assessment of the “optimum” battery size
and the best time for adding the battery plant to the SDG&E system.

sn2?a DcdskmF0a9 rnmlpmtcd



1

INTRODUCTION

This report describes the results of a screening study to determine the benefits of adding
megawatt-scale battery storage to the San Diego Gas and Electric (SDG&E) system. The report
addresses generation, transmission, and distribution benefits of battery energy storage, with a
primary focus on benefits that are typically difficult to quantify. The potential benefits are
compared to the costs of adding battery storage to determine the cost-eff~veness of adding
battery energy storage to the SDG&E system.

BENEFITS OF ENERGY STORAGE

The addition of battery energy storage to a utility system can provide a wide range of
benefits that depend on the characteristics of the individual utility, the manner in which the
battery storage unit is operated, and its siting within the utility network as well. Generation
load-leveling has long been advocated as the primary reason for adding storage to a utility’s
generating mix. The most obvious benefit and the easiest to quantify, load-leveling results in
the replacement of expensive peak power with cheaper power from base-load plants, increasing
the capacity factor of the base-load plants during off-peak periods to displace the use of
premium oil/gas fuels during on-peak periods.

In the past several years, generation dynamic operating benefits (DOBs) have also been
recognized as significant benefits of battery energy storage plants. The types of benefits include
those accruing from the provision of spinning reserve, reduced minimum loadin& and fast
response rates. An EPRI reportl provides compelling evidence on the importance of dynamic
operating considerations. The three major conclusions of the EPRI report are as follows

■ A large portion of the operating costs of cycling power plants results from
fluctuating electric loads. These costs are called dynamic operatingcosts.

● Technologies that offer operating flexibility at minimal costs (e.g., energy
storage power plants) provide power systems with significant operating
cost savings. These savings are called dynamicoperatingbenefits.

● A large fraction (up to two-thirds) of the savings provided by technologies
with significant operating flexibility is overlooked in conventional methods.

1. DynumicOperatingBen@ OfEneY~Storage,EPRI AP4875.
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1-2 Introduction

Another commonly recognized benefit from storage in general, and batteries in particular,
is reduction in transmission and distribution (T&D) costs. T&D benefits are due in part to the
siting flexibility and in part to the rapid response times for batteries. T&D benefits include
deferral of T&D investment, reduced losses, and voltage regulation, as well as othem.2

Another category of benefits is what might be termed strategic benefits, those that relate
primarily to the changing environment in which utilities operate. This includes reduction in
environmental emissions, greater ability to buy power from other utilities and from non-utility
generators and to sell power to other utilities, and greater flexibility in general.

This study quantifies the benefits of battery storage in the first two categories-generation
and T&-for the SDG&E system.3 It then compares these bentits to the costs of adding lead-
acid battery storage.

LEAD-ACID BAITERY TECHNOLOG@

The major elements of a lead-acid battery energy storage plant are the battery, the
converter, and the balance of the plant. During charging, alternating current electriaty is
converted to direct current ekctriaty by the converter and stored electrochemically by the
battery. During discharge, direct current electricity is drawn from the battery and converted to
alternating current electriaty for use on the utility grid. Figure 1-1 is a schematic of a battery
energy storage system.

(DC)

>

Converter Transformer

(AC) TO

}
Utility

(AC) Grid

Battery Cell

Figure 1-1. BatteryEnergy Storage System

2. Potential EconomicBsn@ts ofBatteryStorageto Ekctrkaf Transmisswnand Distribution

3. A baclmf-the envelope assessment of environmental benefits is also included.

Systems,EPIU GS-66S7.

4. Rexwch is under way on a number of advanced battery systems, including sodium sulfur, zinc bromine, and
others. In this report, however, we focus on and use costs for the one technology that is commercially available now:
lead-acid batteries.

ram Occbkmh Inmqlwel
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Utility battery storage systems consist of commercially available lead-acid cells similar
to those used in submarines or large telephone switching installations. A typical cell size is 5
to 10 klflh. Many cells are combined in a battery unit, with typical storage times of 1 to 5 hours
and power capadties of 2 to 100 megawatts. For example, the 4-hour capadty lead-add battery
storage plant at Southern California Edison Company’s Chino substation has a capacity of 10
W; the battery consists of 8s6 cells, each measuring approximately 16 in. (41 cm) long, 14.5
in. (37 cm) wide, and 25 in. (65 cm) high, and weighing about 585 lb. (266 kg). The cells are
mounted on steel frames in groups of 6 to form 12-V modules. The battery is connected to the
SCE system at 13.8 kV.

The AC-DC converter consists of elatroNc equipment similar to that used in large
uninterruptible power supply (UPS) systems, and in wind, photovoltaic, and fiel cell power
generation systems. The balance of the plant consists of the structural, mechanical, electrical,
control, and safety @systems required to perform system integration and interface of the
battery to the utility system.

Battery energy storage plants are truly modular and can be installed quickly, embling
them to match load growth much more easily and accurately than larger, custom-built, site-
specific plants. Construction time for a lead-acid battery plant is less than one year. Batteries
are compact, quiet and non-polluting, so they can be sited near population centers. They can
operate efficiently over a wide range of loads, and are actually more efficient at part load than
at full load. They can also respond to load changes in just 20 milliseconds.

Table 1-1 provides cost and performance data for battery storage sizes of 3 and 5 hours,
installed at a 20 MW plant. These data are from the EPRI Technical Assessment Guidem.

Table 1-1
LEAD-ACID BA’ITERY COST AND PERFORMANCE DATA

Three Hour Fwe Hour

Plant Capital Cost, Dec. 1988 $AW
Power chargingldischarging
Storage
Startup, inventory, land
Total capital requirement

Operation and Maintenance Costs; Dec. 1988$
Fwed, $/kW-yr
Incremental, millshWh

Energy Requirements (kWh OutpuVkWh Input)
Full bad
25% load
Average annual

Plant Construction Time, Years

125
510
16

651

0.6
8.6

0.73
0.78
0.74

1

30

125
727
21

873

1.4
6.5

0.76
0.79
0.76

1

30Unit Ltie, Years
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SDG&E SITUATION

SDG&E’s generation mix consists of nuclear, gas-fired units, and pumhased power. From
the perspective of adding battery storage to the system, the important point is that both now and
perhaps for the rest of the 1990s, the marginal units are almost always, both on-peak and off-
pa gas-fired units. These are the units whose operation would be affected by the additions
of batteries.s This means that, for on-system units, there is relatively little difference in
incremental energy costs between peak and off-peak periods, so that from a load-leveling
peqective, there is not much benefit from adding batteries. Other types of benefits, such as
T&D and dynamic operating, will be required if the addition of batteries is to be economically
justified.

Based on SDCWE’S cument biennial resource plan update (BRPU), which is filed every
two years with the state Public Utilities Commission (’WC), the preferred plan resource
additions for SDG&E are shown in Table 1-2.

Table 1-2
PREFERRED PLAN RESOURCE ADDITIONS

Year Prolected Generation Additlcma

1997 Repower South Bay Unit Number 3: 455 added MW.
Additional Purchased Powec 372 added MW.
Geothermal: 100 added MW.

1999 Repower Encina unit #1: 273 added MW.

2001 Repower one Encina unit or construct combined cycle
plant on SDG&E site in Biythe

1991-2000 Non-utilii generation: 800 MW

Yaar Pro]ectedDSMsavings

1995 240 MW

2000 360 MW

OVERVIEW OF THIS REPORT

Section 2 quantifies the generation benefits of batteries on the SDG&E system. Sections
3 and 4 do the same for transmission and distribution, respectively. Section 5 compares these
benefits to the cost of installing batteries. Section 6 summarizes the results and recommends
further steps.

5. While SIXXCEdoes have combustion turbines, currently they are operated only infrequently.

rmna lkcbkmFOauIllmrpomd



POTENTIAL GENERATION BENEFITS

This sdion estimates the magnitude of three kinds of generation benefits-load-leveling
benefits, dynamic operating benefits, and environmental benefitif adding battery storage to
the SDG&E system. The section discusses the logic behind the calculations, describes the
approach taken for the SDG&E amlysis, and presents the results.

CALCULATING GENERATION BENEFITS OF ENERGY STORAGE

Load-Levellng Benefits

Energy storage makes it possible to generate electricity during off-peak hours and use it
during peaking-hours, commonly referred to as load-leveling. Typically, system lambda (the
margiml cost of energy) is lower during off-peak hours than during on-peak hours; the
load-leveling savings is the difference between the lambda during peaking hours when the
storage would be discharged and the lambda for the off-peak hours, when the storage would
be charged, adjusted for the efficiency loss from the battery.

Load Leveling Benefits = kOn- k - hOff.Pk/storage efficiency
($/m) ($/rM) ($/MWh)

If this number is positive, then there are load-leveling savings. This will be true if the
battery efficiency exceeds the ratio of off-peak lambda to on-peak lambda.

Dynamic Operating Benefits

Dynamic operating costs (DOCS) are the portion of total operating costs of an electric
power system required to meet dynamic operating requirements. Tdmologies that offer
operating flexibility at minimal costs, such as energy storage plants, provide power systems with
significant operating cost savings. These savings are called dynamic operating benefits (DOBS).

Potential DOBS are measured as reductions in dynamic operating COStS-s). ~ include

■ Startup costs, the costs of shutting down and starting up power plants.

■ Load Following costs, inmeased fuel COStSdue to opemtio~ in load
following mode.
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2-2 PotentialGenerationBenefits

■ Minimum Load costs, costs due to foregone economic generation because
of minimum load COIIStraintS.

8 Ramping costs, the costs due to foregone economic generation because of
ramping constraints.

■ Frequency Regulation costs, costs of foregone economic generation due to
externally constraining the loading ranges of some units to provide
frequency regulation capabilities.

This study estimated the benefits associated with reducing the first three types of
dynamic operating costs: startup costs, load following costs, and minimum load costs, all of
which have a solid technhl foundation based on common utility operations. Other categories
of DOBS are likely to be smaller but can only add to the DOBS quantified in this study.

Startup Cost Benefits. The cost of starting a steam unit that has been shut down completely is
typically several thousand dollars. Compared to the total daily operating cost of such a unit,
typically tens of thousands of dollars per day, this is not insignificant. By modifying unit
commitment, the addition of battery storage can make it possible to avoid this startup cost for
one or more units.

Load Following Benefits. Load fluctuation requires that some generation be able to meet
changes in, or follow, the load. As a result of this requirement, the units used for load following
will most of the time be loaded at levels other than their most effiaent loadings, at points where
their average fuel costs are higher than at their most efficient loadings and higher than system
margiml cost. Load following benefits occur when a unit operating in load following mode is
decommitted. The benefits or savings are equal to the difference in average energy cost of the
unit and the system mar@al energy cost.

Load following costs of a unit are the costs which could have been avoided were the
system able to decommit the unit and replace its energy at the system marginal energy cost.
These are calculated for hours where the unit is operated at part load (not on minimum load):

Load Folloun”ng

[

Average Energy System Marp”nal
Costs of a Unit = Cost of the Unit - Energy Cost

1

* Loading of Unit

($/hr) ($/MWh) ($/MWh)
(MWh/hr)

The daily load following costs are the sum of the hourly load following costs
hours in load following mode).

(for the
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Minimum Load Benefits. Thermal units have minimum loading constraints. When they are
committed, they must be operated at or above this minimum load. Operation at minimum
loading generally results in the least efficient generation. Units are normally operated at their
minimum load only because the constraint prohibits even lower loading. Minimum loading
benefits occur when a unit operating at its minimum load is decommitted. The benefits or
savings are equal to the difference in average energy cost of the unit and the system marginal
energy cost.

Minimum loading costs of a unit are the costs which could have been avoided were the
system able to decommit the unit and replace its energy at the system marginal energy cost,
calculated for hours where the unit is on minimum load:

Minimum Lad

I

Average Energy System Marginal

)

Minimum
Costs of a Unit = Cost of the Unit - Energy Cost

($/hr)
* Loading of Unit

($/MWh) ($/MWh.) (M Wh/hr)

The daily minimum load costs are the sum of the hourly minimum load costs (for the
hours at minimum load).

Figures 2-1 and 2-2 illustrate how minimum load and load following costs are calculated
and how significant they can be. Although the figures are for a hypothetical unit in a
hypothetical system, they are typical of actual units. The unit operates at its minimum load for
hours 04 and 20-24, at its maximum load for hours 8-16, and in load-following mode during
the other 8 hours. The daily load following cost of the unit is the dark shaded area in Figure
2-2; the light shaded area is the unit daily minimum load cost. The difference between unit
average cost, which is the cost actually incurred, and system marginal cost, the cost that would
be incurred if this unit could be shut down, is substantial.

Operating tit
($OAWh)

Unit Average
cost

20- -

....................
Unit Marginal

cost

System
Marginal Cost

Hour
246810121416182022 24

Sulwa

Figure 2-1. System and Unit Costs

DedskmFaall IlmpOntd



24 PotentialGenerationSendite

Oparawangh~

25

20

15

~ Hour
246810121416182022 24

Figure 2-2. Load FollowingCostsand MlnlmumLoad Costs

CAPTURING GENERATION BENEFITS OF ENERGY STORAGE

There are two primary modes in which storage can be operated:

■ On a regular charge/discharge basis

m To provide spinning reserve only

Both modes are discussed below.

Charge/Discharge Application

Operated in this mode, storage provides not only load-leveling but also the reduction in
dynamic operating costs made possible by decommitting a unit and operating remaining units
at more efficient levels. The storage would most likely be operated on a daily cycle, with
charging at night and discharging during the daily peak. In order to maximize benefits per
kilowatt of battery capacity, it is necessary to install both enough power capacity (MW) and
storage capaaty (MWh or how of storage) to permit dwommitting one or more units.

To illustrate the importance of including dynamic operating costs in calculating
generation benefits, consider a hypothetical system with two time periods per day, a peak period
of 8 houm, and an off-peak period of 16 hours. The system marginal energy costs are $18/MWh
during the peak period and $17/MWh during the off-peak period. Figure 2-3 illustrates these
marginal energy costs and Table 2-1 illustrates the operating characteristics of one generation
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unit (called Unit A). Unit A operates at minimum load (50 W) during the off-peak period and
at 100 W during the peak period. Figure 2-4 illustrates the pdwer output of Unit A.

system
Marginal IS -

EnergyCost ,6’ 1 1

($/MWh)
14-

12-

10-

8-

6-

4-

2-

1 I I
8 16 24

Hours

Figure 2-3. System Marginal Energy Costs

Power output
(MW)

100<

50-

R21zh

8 16 24

Hours

Figure2-4. PowerOutputof Unit A
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Table 2-1
OPERATING CHARACTERISTICS OF GENERATiON UNIT A

Power Output (MW) Average ($MfWh) Marginal ($/MWh)

50 25.0

100 21.0 17.0

150 20.0 18.0

Would a storage unit with a 77 percent cycle efficiency provide this system with any
operating savings? Using the conventional approach (that does not include dynamic operating
considerations), the benefit to cost ratio of storage operating is calculated as follows

B/c = 0.77 x
Marginal Energy Cost During the Peak Period

Marginal Energy Cost During the Off-Peak Pm”od

= 0.77 .!!!2
17.0

= 0.815 <1.0

Therefore, according to this calculation, storage operation is not economically feasible and
would not provide any operating savings. To check the validity of this calculation, the benefit
to cost ratio of operating the storage unit is explicitly calculated as

B/C =
Operating Savings of Energy Storage

Operating Costs of Energy Storage

The operating savings and costs of energy storage depend on the operations of the
storage unit. One operating option is to charge during the off-peak period and discharge during
the peak period to replace Unit A (we assume that there is enough power available during the
off-peak period to provide the energy required for charging the storage unit and to replace the
off-peak energy output of Unit A). The benefit to cost ratio of this operating option is calculated
as follows

Required Charging = 100 W x 8 hrs = ~,039 MWh
0.77

Charging Costs = 1039 m x $17/IWVh

= $17,663
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Required Off-Peak
Energy Replacement =

Costs of Replacing
Off-Peak Energy =

=

Total costs of
Replacing Unit A =

Total Wings by
Replacing Unit A =

=

+
=

PotentialGenerationSenefits 2-7

50 NlYVx16hrs=800h4Wh

800 m x$17/m

$13,600

17,663 + 13@0 = $31Z63

Total Operating Costs of Unit A
100 MWx8hmx$21/MWh
50 MWx16hrsx$25/MWh
$36,800

The benefit to cost ratio of operating the storage unit to replace Unit A is therefore

~,C . 36@0
31363

= 1.177

Therefore, storage operation is economically feasible and would provide the system with
operating savings. The implied dynamic operating benefits term, p, which is missing horn the
conventional equation, can be calculated as

B/C = 1.177 = 0.77 18;7~ p
.

or

1.177 x 17.0 -180
P= on “.

= $7.98/MWh.

Splnnlng Reserve Appllcstion

As an alternative to using the battery as a charge/discharge unit, a utility could use a
battery purely to provide spinning reserve with the following potential benefits shutdown least
effiaent units and allow generating units to operate at a higher load, thus reducing their average
heat rates.
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2-a Potent&lGenerationBenefits

The following example illustrates the benefits from using a battery as spinning reserve.

Consider a system consisting of three then.nal units (UNts 1,2 and 3). System load is 200 MW,
and spinning reserve of at least 40 MW is required. Table 2-2a shows the system dispatch
without a battery. Without a spinning reserve requirement, units 1 and 2, the most effiaent
units, would have been able to meet the system load of 200 MW. Because of the spinning
reserve requirement, all three units are operated; units 1 and 2 operate at 90 MW each and unit
3, the least efficient, is operated at its minimum load of 20 MW.

Table 2-2
USINGA BAITERY TO PROVIDESPINNINGRESERVE

(a) Unit Loadingsand Operating Costs Without Battery

Ave.Costat Aotual Ave. Coat at Spinning Total
Min. Load Max. Load ~X. Load Actual Load Reserve

(m (w (WWh) Y4 (Wh) (MW) (?h?)

Unit 1: 20 100 24.5 90 25 10 2,250

Unit 2: 20 100 24.5 90 25 10 2,250

Unit 3: 20 40 30 20’40 20 800

Total 40 5,300

(b) Unit Loadings and Operstlng Costs Wfth Battery

Ave. Cost at Actual Ava. Coat at Spinning Total
Min. Load Max. Load Max. Load Load ActualLoad Reserve cost

(w (m (-h) (MW) (Wh) (~ (*r)

Unit 1: 20 100 24.5 100 24.5 0 2,450

Unit 2: 20 100 24.5 100 24.5 0 2,450

Unit 3: 20 40 30 0 0 0 0

Battery: o 40 o* o o“ 40 0

Total: 40 4,900

● The operating cost of a battery providing only spinning resewe is really the fuel cost of keeping the battery charged.
Howevar, this cost is negligible in this context.

Dynamic operating costs resulting from the spinning reserve requirement are of two
types. First, there is the cost of operating Units 1 and 2 at other than their most efficient level.
Second, there is the extra cost of operating Unit 3, which is the difference between the average
generation cost at Unit 3 and what it would have cost to generate the same load at Units 1
and 2.

Adding a battery changes the system operation, as displayed in Table 2-2b. Units 1 and
2 can now operate at full capaaty, and Unit 3 is shut down entirely; the battery provides the
required spinning reserve. For the particuk hour shown in the tables, the savings per MWh
of spinning reserve is ($5300 - $4900)/M MWh = $10/M’wh.

Szwa Oecbbn Focuslnmqxmted



PotentialCsneratlonSenefits 2-9

The spinning reserve benefits of using a battery in this manner can be summarized as
follows: Unit 3, the least efficient unit, can be shut down and units 1 and 2 do not have to
provide spinning reserve, and can operate at their most effiaent loadings. The battery provides
all required spinning reserves, and the system total operating costs are substantially lower.

STUDY APPROACH

The potential generation benefits from adding battery storage to the SDG&E system were
determined by examining actual system operating log records for eight representative days
during 1990-1991, a weekday and a weekend day in each season. The study focused on the
marginal units (defined below) on these eight days and determined how the operation of these
units could be economically modified if sufficient battery storage were present on the system.
Two potential applications of batteries were considered:

■ Daily charge/discharge with three hours of storage

9 Spinning reserve

Hourly system loads for the eight days are shown in Appendix B. For most of the days,
the daily peak occurs between 5pm and 8 pm. The peak appears sharp enough that a battery
of 200-300 MW and a three-hour storage capacity could shave 200-300 MW off the peak on these
days. This is not the case on the summer weekday, when the peak occurs earlier in the day and
is much broader.

The SDG&E hourly marginal energy costs (system lambda) for the same eight days,
shown in Appendix B,12 generally change very little during a 24hour period. Typically,
however, system marginal energy costs are substantially lower during the off-peak hours than
during on-peak hours. For SDG&E, differences between days are larger than the differences
within each day. The primary reason for the differences between days is variation in natural gas
prices, from a low of $2.11 per million Btu in summer to a high of $3.73 per million Btu in
winter.

Generating benefits of energy storage were calculated based on five gas-fired steam
turbine units on the SDG&E system for each of the eight days. These five units were selected
as the marginal units whose operation would most likely be affected by the addition of batteries
to the system. That is, they would be potential candidates for decomrnitment. Larger gas-fired
and nuclear units were excluded because they were too large to be replaced by batteries.
Smaller units, including combustion turbines, were excluded because they did not operate at all

1. The hourly marginal costs are for on-system units only. Including off-system purchases (typically available at costs
10W= than system costs, wwticularlY during off-peak hourd ~uld only in~* *e potential storage benefits
calculated hek (because tk costs of ;hqin~the battery would be reduced).

2. System load shapes, hourly marginal costs, and information on individual

R21na

units were all provided by SIXWE.
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2=10 PotentialGenerationSenefk8

on the eight days considered. The key cost/performance characteristics of these five units are
shown in Table 2-3.

Tabls 2-3
SDG&E GENERATING UNIT CHARACTERISTICS

Hot Haat Rata●t Haat Rata ●t
startup Min. Load ~X. Load

Unit Min. Load @W) Max. Load(MW) - ($) Btun(wh Btu/kWh

Encina 2 20 104 2500 13,343 10,632

Encina 3 20 110 2500 13,872 10,957

South Bay 1 30 147 12,142 9,904

South Bay 2 30 150 3500 12,073 9,768

South Bay 3 30 171 3500 14,308 10,361

STUDY RESULTS

Load-Levellng Benefits

For load-leveling, a battery with three hours storage capaaty was assumed to be charged
at night and discharged during the daily peak Actual system lambdas were used to calculate
potential savings or benefits. For a threehour battery with an efficiency of 80 percent, load-
leveling savings were negative for all 8 days. As shown in Figures B-5 to B-8, system lambda
is relatively flat across the 24 hours h each day, because the same gas-fired steam turbines are
the marginal uNts for all 24 hours, although at different loadings. As a result there are no
load-leveling savings from the use of batteries on the SDG&E system. Unless there were other
reasons for operating the battery in this mode, it would simply not be operated, making load-
leveling savings zero.

Many previous studies on energy storage have used only the load-leveling savings in
quantifying the value of energy storage. Doing so here would lead to the conclusion that
batteries are clearly uneconomic, and should not be considered further. As shown below and
in the next sections, however, there can be significant savings from batteries even if load-leveling
is uneconomic.

Dynamic Operating Benafits

The generation benefits resulting from adding batteries to the SDG&E system are
sumnwnized in Tables 2+ and 2-5. Table 2-4 shows, for each of the eight days considered, the
dynamic operating savings that could be realized if enough battery capaaty were added to
completely decommit the unit labelled “displaced unit”.
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Table 2-4
SUMMARY OF GENERATION BENEFITS

-NET OPERATING BENEFITS-

Appuoatbn

S Hour Chargd)laoharge Sdnnlrm Raaervo

MatOpaf. NetOpar.
Day saving “DlapteEad Saving “Dlaptaoad

Saaaon Month Day Type Data ($ncw-yr) UnW (wW-Y) Unit”

Fail October Sunday W-End lWIMO 14.06 south say 3 15.64 south say 3

Fall October Friday w-Day lWIW 11.22 Endna 3 14.16 Endna 3

Winkr Daoamlmr Tuaaday W-Day 12m4mo 59.87 Erwina2 63.92 Enana 2

Wmtar Daoembar Saturday W-End 12/08/90 39.50 south say 3 44.97 Soutl say 3

spring April Monday W-Day 04/06/u) 25.94 Enana 3 28.66 Erwina3

*ring April Saturday W-End 04/lW3 15.55 Encina2 20.58 Endna 2

summer July Sunday W-End 07121t90 7.65 &ulh say 3 11,97 south say 3

Summar July Wadneeday W-Day 07/24/90 0.00 — 3.66 south say 2

Eatimatad Annual Nat operating Savings 23.23 26.68

Table 2-5
LOAD LEVELING SAVINGS, DYNAMIC OPERATING BENEFITS, NET OPERATING BENEFITS

3 Hour Charga/Discharge

Load- Nat
Lavating Operating

Day Senaflta Seneflta DynamicOperating
Seaaon Month Day Type Date ($mwh) (VMwh) Benefits ($MWh)

Fall Octobar Sun&y W-End 1W14180 -2.30 22.77 24.06

Fall October Friday W-Day lw19t80 -2.36 19.11 21.54

Winter Dacambar Tuaaday W-Day 12m41wl 4.56 73.65 76.25

Wintar Dacamber Saturday W-End 12706M0 -3.74 59.12 64.02

spring April Monday W-Day 04J06/81 -3.31 43.44 46.91

spring April Saturday W-End 04113JB0 -3.78 31.68 40.65

Summar July Sunday W-End 07121t91 -3.35 12.77 17.92

Summar July Wadnaaday W-Day 071241W -2.78 0.00 0.00

Two operating modes or applications are considered a three-hour battery that is charged
and discharged on a daily basis, and a battery with a smaller storage capacity that is used to
provide only spinning reserve. On each day and for each operating mode a “displaced unit” is
identified; this is the unit for which the greatest savings could be obtaimxi by decommitting the
unit. The columns labelkd “net operating benefits” express the savings in terms of dollars per
year per kilowatt of battery capaaty, assuming that the battery is the same size as the displaced
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unit and that all 365 days of the year were identical to the one for which the calculation is being
made. The “annual net operating benefits” values are weighted averages of the daily values,
based on the number of weekdays and weekend days in each season during an entire year.3

As defined in Table 2-4 and 2-5, net operating benefits include all dynamic operating
benefits (startup costs savings, load following cost savings, minimum load cost savings), kSS

increased costs resulting from having to charge the battery for the daily charge/discharge
operating mode. For the spinning reserve operating mode, the net operating savings are simply
the reduction in total operating costs. Because the load-leveling savings are negative on each
of the eight days, net operating savings are less in charge/discharge mode than in spinning
reserve mode on each day.

Most of the dynamic operating cost savings on the SDG&E system result from reductions
in load following costs and minimum loading costs. Load following costs for the SDG&E units
considered in this study are on the order of thousands of dollars per day for each of the five
margiml units. Minimum load costs are on the order of hundreds of dollars per day for each
of the five units. Figures 2-5 and 2-6 show the actual MW loadings for two of the marginal units
for the days on which the dynamic operating cost savings would be greatest from decommitting
these units. Most of the time the units operate far from their most efficient loadings (96 MW for
Encina 2 and 136 MW for South Bay 3).

Since this study is based on data from a selwtion of discrete days (a week-day and a
weekend-da y for four different weeks), the only startups accounted for are those taking place
within a 24 hour period, i.e., only hot startup costs. However, three out of the four sample
weeks show that at least one unit is shut down and replaced by another sometime between the
two days examined in that weelc As a result, the startup costs maybe under-estimated, because
they miss these changes between days. There were very few startups on the eight days in
generation, so startup cost savings area very small part of the net operating savings shown in
the tables.

The same results are expressed in a different format in Table 2-5, for the 3 hour
charge/discharge mode. Instead of on a $ per kilowatt per year basis, the results m expressed
in $/MWh displaced during the three hours that the battery is discharging. The important point
here is that the magnitude of the dynamic operating benefits is much larger than the magnitude
of the load-leveling savings. These numbers can be compared to system marginal energy costs,
which are mostly in the range of $20 to $30 per MWh; as a result of decommitting a unit, savings
higher+ometimes much higher-than system marginal energy costs are possible.

3. The definitions of the seasons were as follows

Fall

spring

Summer

October 16-November 30

December l-FebruaW 28

March l-June 30

July l-(ktober 15
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Figure2-6. Dally Load for South Bay 3 Steam Turbine Unit

The same information is also presented in Figures 2-7 and 2-8. Figure 2-7 shows how net
operating benefits savings vary by day, in dollars per kilowatt per year if all 365 days looked
just like the day in question. Figure 2-8 presents the information in terms of dollar per MWh
displaced by the battery during the three hours the battery operates. Savings are highest in
winter, lowest in summer, and intermediate in spring and fall.
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Figure 2-7. Net Opereting Benefits
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Figure 2-8. Net OperatingBenefitsfor 3 Hour Chsrge/Discherge Bette~

Why do the net operating benefits vary so much between days? There are two prinapal
reasons. First, the biggest difference results from changes in fuel prices. Higher fuel prices
mean higher system lambdas and higher average fuel costs. Since net operating benefits is
roughly proportional to the difference between average fuel cost and system lambda, both of
which are roughly proportioml to fuel price, higher fuel prices translate directly to higher net
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operating savings. The second reason is the difference between average fuel cost and system
lambda. This difference depends on many factom, among them fuel prices and unit loadings.

The greater the difference, the greater the net operating savings. The difference is particularly
small on the two summer days, resulting in low net operating savings on the weekend day and
no operating savings at all on the weekday.

Keep in mind that all of the calculations assumed that any replacement energy or
capaaty would come from on-system units. This potentially underestimates the savings from
adding batteries and should be considered a conservative approach.

If a steam turbine unit is decommitted as the result of adding batteries, combustion
turbines are likely to be used more frequently in outage situations, rather than increasing the
loadings of committed steam turbines. This may slightly reduce the dynamic operating savings
resulting from changing the unit commitment. For example, if the addition of 100 MW of
batteries causes a 100 MW combustion turbine to operate 1(KIhours more per year and has an
average heat rate of 3000 Btu/kWh higher than that of the decommitted steam turbine, the
increased cost would be $0.75/kW of battery capaaty per year.4

Environmental Benefits

Storage in general, and batteries in particular, have the potential to reduce the
environmental emissions associated with generation. By allowing operation of fossil-fired units
closer to their most efficient operating loadings, batteries can reduce system emissions. They can
also allow the substitution of one fuel for another or one generating location for another. In
determining the environmental impacts of adding batteries, it is critical to determine the
locations, fuel types, and marginal heat rates for the unit that wotdd be used to charge the
battery and the unit that would be replaced by the battery, for load-leveling operation. Fuel type
is obviously important because different fossil fuels have different emission coefficients, while
nuclear and hydro emit no NOX,SOX,or C02 Location is important, especially for Nox, beca~
NOXemissions in a densely populated urban area such as San Diego may be much more harmful
than an equal amount of emissions in a sparsely populated area such as northern Arizona.

Consider the potential benefits from a battery used only to provide spinning reserve,
assuming that only on-system units are affected. The externality value of NoX e-ions is $1-12
per pound, while the current emission rate for NOXfrom SDG&E gas-fired units is 1-1.5 pounds
per MWh.5 Assuming that the addition of batteries improves generation efficiency by 10

4. lCK)MW ~ X 100 hours/ year x 3000 Btu/kWh x $2.50/million Btu
100 MW batteries

Iki811m F0m18h.rponted

5. Values provided by Harry Bishop, SDGkE.
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pement, at a capacity i%ctorof 60 percent, the battery provides NOXreduction benefits of $1 to
$10 per kW of battery capaaty per year!

This approximate calculation is based on current NOX emission rates. It is likely that
regulations may require retrofitting control equipment that will sharply reduce these emission
rates. Adding batteries to the system could make it unnecessary to add expensive controls such
as selective catalytic reduction (SCR) to a generating unit whose utilization would be sharply
reduced by the addition of batteries. Avoiding the costs of SCR for a unit could be worth
substantially more than the $1-10 /kW-year calculated above.

6. $1-12/lb x 1-15 lbs/MWh x 0.1 x 0.6x 8760 hrs/year x 1 MW/1000 kW = $1-10/kW-year.
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POTENTIAL TRANSMISSION SYSTEM BENEFITS

NEW TRANSMISSION PROJECTS

In general, the pximary purpose of the bulk power transmission system is to reliably
deliver power from local and remote generating units to the utility load centers; in this case, the
city of San Diego. Future transmission systems must provide adequate capability to
accommodate expected power purchases from remote generation sources as well as deliver
power from local generation to SDG&E customers. New transmission additions area function
of both the generation or resource expansion plan adopted by San Diego Gas and Electric
(SDG&E), and the areas of high load growth.

The preferred San Diego Gas and Electric plan of resource additions in its biennial
resource plan update (BRPU) appears to consist primarily of adding or repowering generation
locally. At this time, review of existing transmission expansion plans with the transmission
planning department indicates that there are a limited number of anticipated or potentially
needed transmission additions based on this local generation expansion plan. In fact, the
resource expansion plan is so recent that transmission planning studies corresponding to the
BRPU have not been completed. Hence, there were no specific major transmission facility
additions to the SDG&E system over the near term planning horizon that could be targeted for
this study.

One potential SDG&E 69 kV transmission expansion project, to add a line in 1994 into
a substation serving approximately a 35 MW peak load, was identified.1 Two alternative 69 kV
transmission expansion plans have been identified to serve this need. The first alternative is to
add 2 1/2 miles of 69 kV line at a cost of approximately $4 million, with 1 1/2 miles consisting
of underground construction and 1 mile consisting of overhead construction. The second
alternative is to install an underwater feed from a remote power source at a cost of $10 million.

Although the transmission system expansion plans for SDG&E over the near term
horizon are incomplete at this time, SDG&E planners indicated the potential need for new short
69 kV and 230 kV transmission lines with line lengths ranging up to about 15 miles. No new
500 kV lines are anticipatcxl. Hence for this study, potential line defemal benefit calculations for
new 15 mile 69 kV and 230 kV (generic) transmission line additions are evaluated to estimate
the potential transmission line deferral benefit to SDG&E.

1. SIXWE prefers to not release details regarding this substation or the customers it senms.
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TRANSMISSION SYSTEM RELIABILITY CRITERIA

The need for new transrnission facilities will h generally determined by SDG&E
transmission planning on a case by case basis, based on the evaluation of a number of
appropriate design contingenaes. The objective of these transmission planning studies is to
provide a reliable system considering appropriate outage criteria, risks and costs. The SDG&E
transmission system is normally designed to meet or exceed the following basic reliability
criteria.

The basic transmission system reliability criteria for 69 kV consists of designing for a
single contingency outage at annual system peak For transmission voltagm”above 69 kV, the
basic SDG&E transmission system single contingency reliability criteria is increased to include
appropriate double contingency outage criteria, including outage considerations selected on a
case by me basis, such as two lines or a transformer and line, etc. out of service at the same
time. The basic transmission system voltage criteria is to maintain a 0.95 per unit minimum
voltage level during normal operating conditions and a 0.9 per unit voltage level during an
abnormal contingency event.

POTENTIAL LINE AND TRANSFORMER DEFERRAL BENEFITS

In future specific line and transformer defemal studies, determining potential battery
benefits will require detailed transmission expansion studies. These studies will need to evaluate
appropriate transmission equipment outages with and without batteries in specific transmission
system locations. They will also need to recognize the significant differences between batteries
and lines and transformers in terms of their contribution to reliability. The resulting

transmission expansion plans with and without batteries will have to meet appropriate SDG&E
transmission and reliability standards, described above.

For this generic assessment, judiaously placed batteries are assumed to provide a local
power source near loads that can act as backup to existing transmission facilities and thereby
reduce the transmission redundancy required to meet SDG&E transmission reliability criteria.
The batteries are, efktively, spinning reserve, but are used to cover transmission outages. For
this application, judiciously placed batteries may provide the desired transmission deferral
benefit while at the same time providing additional non-site-spdfic generation system benefits.

SDG&E standard transmission line voltages are 500 kV, 230 kV, 138 kV and 69 kV. As
stated previously, presently there are no plans for new 500 kV transmission line additions. For
this study, potential benefits of adding battery storage to defer new generic 15 mile 230 kV lines
and 69 kV lines will be evaluated, along with the potential savings associated with deferring the
proposed 199469 kV expansion project described above.

SDG&E transmission line cost assumptions for typical 69 kV and 230 kV line construction
types are summarized in Table 3-1. These assumptions are derived from detailed transmission
facility cost and other assumptions obtained from SDG&E transmission planners and presented
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in Appendix A. Since new line right-of-way (ROW) is difficdt to obtain and costly, battery
storage benefits associated with both underground (UG) and overhead (OH) 69 kV line designs
are being evaluated in this study. In additiow it is likely that most new 230 kV lines will consist
of double circuit steel pole construction because of ROW limitations and costs.

Table 3-1
TYPICAL SDG&E TRANSMISSION LINE COST

Trmwmlasbn 1990 Dollarlrwtalffl Coot
Llna Constructbn Typa ($100Wmly

69 kV, Underground,1750 AL
New Conduit 1,419
Existing Conduit 567

69 kV, Wood Pole, 1-1033.5 ACSFUAW
Single Ckcuit 178
Double Cirouit 320

230 kV, Double Circuit, Steel Pole, 2-1033.5 ACSWAW
Single Circuit 1,158
Double Circuit 1,389

“ VWhout Land Cost

Typical ROW width and land cost data for single pole transmission line construction are
presented in Table 3-2. These land cost assumptions are based on the current ROW purchase
costs obtained from the SDG&E land purchase department. The low land cost assumption of
$0.50/ft.2 applies to new lines installed in rural desert areas, while the highland cost assumption
applies to higher land value areas, which are prevalent in the SDG&E service territory. ROW
cost will apply to portions of new lines installed outside of the SDG&E City of San Diego
franchise area.

Table 3-2
TYPICAL SDG81EROW WIDTH AND LAND COST

TyPlcalROW High ROW Cm? Low ROW Coats
Line Vottage Wklthl ($1000/ml) ($1000/ml)

69 kV Line 24’ 2,534 63

138 kV Line 30’ 3,168 79

230 kV Line 50’ 5,280 132

1. Single Pole Construction along a road
2. Based on $2011t2
3. Based on $0.50tft.2

Dubk?m Fcmukorpomed
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For this study, batteries installed on the SDG&E system are expected to be installed at
the 12 kV distribution primary level or higher. Thus, potential transmission line deferrals are
expectd to apply to new transmission lines of 69 kV and alxwe. Potential bulk power
transformer deferrals are expected to include both 230/138 kV and 230/69 kV transformer banks.
Example transmission deferral benefits are considered for 230 kV transmission lines, 230/69 kV
bulk power transformer banks, and 69 kV lines in this section. Deferral of 69/12 kV distribution
substation transformer banks and 12 kV feeders are considered in Section 3.

Potential line and transformer deferral benefits resulting from judicious placement of
batteries on the SDG&E system are summarized in Table S3 for typical economic assumptions
used in cument SDG&E transmission planning studies. For the proposed 199469 kV project
potential annual line deferral benefits range from $654,CXI0per year to $1,635,000 per year
depending on the selected transmission alternative being deferred. For other potential 15 mi 69
kV line additions, annual line deferral benefits range from $S9L~ per year to W,361,~ per
year. For potential 15 mi. 230 kV line additions, annual line deferral benefits range from
$3,163,000 per year to $16S56XM0 per year. And if a potential 224 MVA 230/69 kV transformer
addition (in an existing substation without ROW) can be deferred, annual benefits range from
$1,039,~ per year to $1,116,000 per year. Note that ROW costsdominate capital investment
requirements for new SDG&E transmission in much of the SDG&E service area and are the cause
of the wide line cost variations.

Table 3-3
POTENTiAL BENEFIT FROM DEFERRING

NEW TRANSMISSION FACILiTIES (1990 dollara)

Total Capital Annual Benefftl
Line and Transformer Daacrlption Investment ($1000) ($1000/yr)

Proposed 199469 kV Project, Ait. 1 -2.5 mi Line Ext
Proposed 199469 kV Project, Ait. 2- Underwater Feed

69 kV, 15 mi. OH, Low ROW, Singie Circuit
69 kV, 15 mi. OH, Low ROW, Double Circuit
69 kV, 10 mi. OH, 5 mi. UG, High ROW, Single Circuit
69 kV; 10 mi. OH, 5 mi. UG, High ROW, Double Circuit

230 kV, 15 mi. OH, Low ROW, Singie Circuit
230 kV, 15 mi. OH, High ROW, Single Ckcuit
230 kV, 15 mi. OH, Low ROW, Doubie Circuit
230 kV, 15 mi. OH, High ROW, Doubie Circuit

230~9 kV 224 MVA Transformer, 3 Breakers
230/69 kV 224 MVA Transformer, 4 Breakers

4,000
10,000

3,615
5,745

46,885
51,410

19,350
96,570
22,815

100,035

6,354
6,826

654
1,835

591
939

7,866
8,381

3,183
15,789
3,730

16,356

1,039
1,116

Potentially large transmission savings are indicated by these numbers, especially when
costly ROW is required. Significant benefits may accrue where batteries can be judiciously
placed on the SDG&E system to defer specific line and transformer additions under SDG&E
planning design conditions. However, quantifying line and transformer deferral benefits of
“batteries will require comparative planning studies with and without batteries.
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For example, assume SDG&E has a 69 kV/12 kV distribution substation with a current
annual 68 MVA peak load, presently being served by two 69 kV transmission lines, each
containing single 336 MCM ACSR conductom with a line rating of 68 MVA. SDG&E’s
transmission reliability criteria indicates that with either 69 kV line out of service the other 69
kV line must be capable of serving the annual peak load. Hence, any distribution substation
load growth will require an additional 69 kV line to reliably serve this distribution substation.
Assuming the worst case, an expensive new 15 mile 69 kV line (10 mi. OH and 5 mi. UG in
Table 3-3) may cost up to $51,140,000. Assuming a discount mte of 11.6% and a fixed charge
rate of 16.35%, the resulting (PWRR) present worth of revenue requirements to perpetuity are
about $72,081,000.

Assume that SDG&E plans to install a 20 MW battery and judiciously locates the battery
at this substation. This battery can provide an alternate source of power, and satisfy SDG&E’s
single contingency reliability criteria until the annual peak substation load increases an
additional 20 MW. At 3% per year load growth, the new expensive 15 mile 69 kV line addition
can be deferred about nine years, saving over $8 million per year in annual fixed charges for the
nine years. Assuming 4% inflation, the resulting PWRR associated with deferring the expensive
new 15 mi. 69 kV line is $38~07,000 resulting in a line deferral PWRR savings benefit of
$33fi74,000.

On a capital investment basis, this example transmission defemal benefit translates, after
accounting for the PWRR and discounting calculations, into a battery storage credit of up to
$1200/kW for the 20 MW battery depending on cost of the new line addition being deferred.
If the expensive new line were constructed with only one circuit strung the resulting battery
storage benefit would still be about $1100/kW for the 20 MW battery.

The specifications for a battery to defer this 15 mile 69 kV line will depend heavily on
the substation load shape. If the substation load shape is similar to the system-wide load shape,
6 or 8 hours of storage may be needed to cover the 20 MW load growth. However, most
substations do not exhibit the system-wide load shape. Figure C-2 in Appendix B shows one
example of a substation load shape. Comparing it with Figure C-1 shows that individual
substations can be different from the system-wide load shape. This example is the SDG&E
Cabrillo substation which serves a Navy base. This load is essentially an industrial load and
exhibits the relatively flat day time load profile when load is high. In spite of it being an
industrial type of load, a 2 to 3 hour peak does occur on the annual peak day. Residential loads
tend to exhibit an evening peak and, where air conditioning is a large share of the load, an
afternoon peak. If the substation in question above has a several hour peak on the peak load
day, a 2 to 3 hour battery would be suffiaent to defer the 15 mile 69 kV line for some years.
Though load shape data is not available for a range of individual SDG&E substations, it is
anticipated that many will exhibit load shapes that would require less than four hours of battery
energy storage to meet line deferral requirements.

A battery that is to ‘back-up” a transmission line must be recharged while the line is out
if the failed line must remain out of service for several days. In the example above, each line
is capable of 68 MVA, and the battery is suggestai to cover only 20 MW of load growth, or

mna Ckddm FOauInmpOrated
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provide fir a total substation load of 88 MVA. To do this the load must drop below 68 MVA
at night for a time sufficient to allow the battery to be fully recharged as shown in the example
in Figure 3-I. In this example there is ample time to recharge the battery. However, it is clear
that the load profile could limit use of a battery if the substation load factor is high. The load
profile is thus a key parameter in detennining how long a line or transformer can be deferred.

8

6

8

8

()~
0 6 12 18 24

Hour of Day

Figure 3-1. Load Shape For Batte~ Recharge at Substation

LOSS REDUCTION

As part of a transmission system benefit assessment or other battery application benefit
assessment, relative transmission losses with and without battery storage should be considered.
Batteries can reduce transmission losses by shifting load from the peak period to the off-peak
period. This results from the square law that governs resistive losses. Reducing transmission
system loading during daily peak load times by discharging batteries reduces peak load losses
by more than they are increased at night when the batteries are recharged.

The potential loss reduction benefit is fully available only if batteries are not usd to defer
transmission. When transmission is deferred, it is possible for batteries to increase losses and
cause a loss penalty. This can occur if the load shape is significantly flattened by batteries, so
that average transmission loading is high. The levels of battery penetration that are likely in the
foreseeable future will usually reduce losses.

Evaluation results for the relative magnitude of system losses is expected to vary for
specMc battery storage applications on the SDG&E system. Previous experience indicates that
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the magnitude of the potential loss benefit or penalty can vary widely, and must be evaluated
onacase bycasebasis.

There are a number of important issues which should be considered before determining
whether relative losses need to be considertxi, and if so, how detailed an evaluation will be

@cd”

First, if the proposed application requires the battery to be cycled frequently,
consideration of losses will be more important than in applications where the batteries are to be
cycled only occasiomlly, or where only small amounts of energy are involved. Of course, if the
loss benefits themselves are significant, they should be a factor in determinin g the frequency of
cycling.

Second, the location of the generation used to charge the batteries and the location of the
generation displaced when the batteries are discharged will each have a significant impact on
the relative magnitude of the losses and resulting relative cost of losses.

Third, on a site-specific basis the daily load shape characteristics of the local transmission
system in the vicinity of the battery and the daily battery charge discharge cycle mayor may not
be similar to the mtive daily SDG&E load shape. Section 2 contains plots of SDG&E daily
mtive load shapes for typical weekdays and weekend days in the spring, summer, fall and
winter seasons over the past year. Appendix B contains plots of daily loads at one of SDG&E’s
distribution substations during summer and winter peak load days. Note that the daily load
shapes differ significantly. When the two are different, the loss reduction near the battery may
be higher than the loss reduction in the bulk systems. However, so long as the substation peak
falls within the system native load peak, both portions of the system will experience lower losses
when the battery is cycled.

In battery storage applications where transmission loss benefits are to be determined, the
best available marginal generation costs and corresponding marginal loss factors should be
determined. Appendix B contains plots of SDG&E’s daily native load shapes and corresponding
hourly SDG&E system margiml energy cost. Although the daily load shapes fluctuate
significantly, the hourly marginal generation costs are relatively constant on a daily
on-peak/ofi-peak basis for the different seasons. Thus, on the SDG&E system, relative cost of
transmission losses may be quickly estimated using incremental on-peak/off-peak transmission
loss calculations, without resorting to hourly production simulation.

For example, the SDG&E on-system peak transmission losses are about 2% of system
load. That is, losses are about 40 MW when system load is at 2000 MW. Incremental losses are
thus about 4%. Hence reducing peak load by 10 MW would reduce losses by 0.4 h4W or 400
kW. The system load is about 1000 MW at low load, and losses are about 0.5% (about 2%
incremental). Charging the battery at night would thus cause losses of about 200 kW. Taking
into account battery effiaency, about 160 kwh of energy is saved for each hour the battery is
discharged during the load peak and charged at night.

R21wa Deddal FOaMImmpm8ted
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The above estimates consider only the reduction of losses on SDG&E owned lines. Much
of the power imported by SDG&E is transported over long lines from Arizona and New Mexico.
Though losses associated with this long-distance transmission are not recognized by SDG&E,
they nevertheless do occur and are includd in the cost of energy purchased by SDG&E. A full
accounting of the loss reduction available from shifting transfers from peak periods to off-peak
periods would have to include an analysis of all parties to the transaction. It would also have
to take into account the way loss costs are distributed among the transmission system users.
Because loss costs are shared among several users, their true impact is not recognized. That is,
no party is acknowledge to be responsible for the incremental transfer and the incremental
losses that can reach 20 to 30%.

The peak load losses on the lines from Arizom to California are on the order of 20 to 25%
incremental. A 10 MW battery would thus save 2 to 25 MW of losses if it were used to reduce
flows from Arizona to California under high transfer conditions. However, the lines from
Arizona to California remain fairly heavily loaded at night, so there is only modest savings by
shifting energy transfer from peak periods to off-peak periods. Nevertheless, the loss reduction
could be very significant if it could be determined and credited to the battery.

VOLTAGE REGULATION

Regulation is the drop in voltage that occurs when a load is thrown on the system. The
larger the voltage change, the poorer the regulation. When system impedance is high (the
system is weak), regulation will be poor. Adding lines and transformers can strengthen the
system, but are a costly way to solve poor voltage regulation problems. Conventional voltage
control devices such as generators, synchronous condensers, switched capacitor banks, static var
systems (SVS), and load tap changers on transformers ‘re~late’ voltage and improve re~lation.
The voltage regulation response times for the various voltage control devices are

LTC 1 to 2 minutes

Capacitors 1 to 2 minutes
Generators 1 to 2 seconds
Condenser 1 to 2 seconds
SW 0.1 to 0.2 seconds

The SVS is clearly the most effective because it is so quick. An SVS consists of some
combination of thyristor switched shunt capacitom and thyristor controlled shunt reactors. An
SVS can respond to a drop in voltage before it becomes a problem for voltagesensitive
equipment or before a person can seethe voltage drop in the light output of fixtures. Generators
are often located too far from the load to be useful. Condensers are no longer competitive
compared to SVS. LTCS and capaators are slow, but are economical and very effective at
combating slow changes in voltage, such as those resulting from normal load variations.
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Judiciously placed batteries can improve voltage regulation in two ways. One is by
supplying power locally when heavy transmission loading or transmission outages are the cause
of the low voltage. Jrtcreasing battery power to reduce line loading will improve voltage. Each
MW of battery power is typically equivalent to 2 to 3 Mvar of reactive power in terms of its
impact on voltage.

Batteries can also improve voltage regulation through reactive supply tiom their
gate-turn-off (GTO) or similar power convertem. The convertem between the ac system and the
battery dc bus can be designed to behave like an SVS while charging or discharging the battery.
A modest increase in converter rating, over that required to supply full battery power, is
necessary to supply reactive power during charging or discharging operation. For example, an
11 MVA converter on a 10 MW battery can provide up to 4.6 Mvar of capacitive or inductive
reactive power while operating at 10 MW. The reactive power is also continuously variable and
controllable with a voltage regulator. Theextra 1 MVA ofconvertercapacitythus provz”desthe same
dynamic range as a 9.2 Mvar SVS. Because most SVSS provide primarily capaative reactive
power, a 4.6 Mvar capacitor is required to make the converter fully comparable to an SVS.
However, even with the cost of the capaator, and recognizing that GTO based converters are
more costly (per MVA) than thyristor based SVS, the battery converter is a very economical
alternative to SVS capaaty.

To maintain proper voltage level SDG&E is presently planning to add either 600 Mvar
of capacitors at the transmission voltage level of 69 kV and above, or 400 Mvar of capacitors at
the 12 kV distribution level by the year 2000. Transmission planning indicates that probably
SDG&E will add the capacitors at the 12 kV level as this alternative is more economical. SDG&E
is considering the addition of SVS as well as conventional fixed and switched capacitors,
although there is no specific quantity of SVS planned.

SDG&E has estimated that installed cost for new conventional capacitor banks installed
at the transmission voltage level will be $30/kvar.2 SVS is estimated to cost three times as
much or about $90/kvar. Both numbers are reasonable, though some utilities are finding actual
costs of conventional capacitor banks to be up to 50% higher where land costs are high. The
$90/kvar number for SVS is for relatively large SVS (above 100 MVAR). Costs can be much

higher where space or system requirements dictate SVS sizes under 100 MVAR.

A 10 MW battery is likely to have a converter cost of about $150/kVA. Assuming that
the incrementalcost of converter capacity is 2/3 of this overall $/kVA cost, an incremental kVA
would cost about $100. As described above, adding an additional MVA of converter capaaty
will provide 4.6 Mvar of capaative reactive power (more at reduced MW output) at a cost of
about $100,000. The cost of 4,600 lam from a 10 Mw battery converter is th~ about $22 w
kvar. The battery converter thus appears economically competitive ($8 kvar savings) with
switched shunt capaators installed at the transmission level on the SDG&E system.

2. Though this is a typical cost figure, some utilities are finding transmission capacitor banks to be up to 50% higher
than this because of land costs.
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Hence a 10 MW battery could eliminate 4.6 Mvar of capaators at a PWRR savings of
$51369 if conventioml shunt capaatom were displaced. The dynamic capability and equal
inductive range would be a bonus, and may have a large value if batteries are compared against
SVS, which may cost $90/kvar or more.

A 10 MW battery needs 4.6 Mvar of switched shunt capacitom to be equivalent to 9.2
Mvar of SVS capaaty. At $30/kvar for 4.6 Mvar of capaators, and $22/kvar for the other 4.6
Mvar, 9.2 Mvar of dynamic range is available for $25/kvar, less than 1/3 the cost of
conventioml SVS capacity (from a large SVS). If SVS were displaced a PWRR savings of
$WIOOOwo~d occur from each 10 MW battery. On a capital investment basis, these example
PWRR benefits translate into battery storage credits of $4/kW and $62/kW for shunt capacitom
and SVS displacement respectively.

Figure 3-2 presents additional information on the economics of reactive power and
voltage control. This example in the figure is for a 10 MW battery and a converter in the range
10 MVA to 15 MVA. The figure shows the reactive power t@t is available when the battery is
not charging or discharging, and the reactive power that is available when the battery is
operating at its full power rating. Only the capacitive (or inductive) portion is shown. Total
kvar range from capacitive to inductive would be twice the numbers shown. The dollar per kvar
curve is based on an assumed incremental battery converter cost of $125 per kva and just the
capacitive kvar supplied by the converter. The dollar per kvar amount in terms of SVS capacity
would be half that shown (because total kvar would be doubled).

Vo 10.5 l’1 li.5 l’2 12.5 l’3 13.5 1’4 14.5 1}5
ConvenerRatingin WA

Figure 3-2. Reactive Power Can Be Economically Provided By Increasing the Size of the
Battety System Power Converter

The reactive power from a GTO based power converter could be controlled in several
ways. One would be to have operators at the system or distribution control center set kvar
output. The controller on the battery system would hold the scheduled kvar level regardless of
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system voltage. Operatom could use the battery kvar as needed for local power factor correction
or to improve voltage in the upstream subtransndssion system. Another would be to provide
the converter with a voltage regulator. Kilovaxs would be produced as needed, up to the
converter capability, to hold the desired voltage. The voltage regulator could control substation
primary or secondary voltage. It might be connected to control primary voltage to help ensure

good voltage levels and voltage stability in the subtransmission system. It could do this even
though it is connected to the substation secondary bus. In this mode of operation the substation
LTC would continue to regulate secondiuy voltage. If set to control secondary voltage, the
converter control would be coordinated with the substation LTC transformer control so that the
LTC would move only when the converter reactive power is insuffiaent to hold substation
secondary voltage.

OTHER POTENTIAL BA’’ITERY STORAGE T&D BENEFITS

Voltage Stability or Voltage Collapss

Discussion with SDG&E engineers indicates that voltage instability or voltage collapse
problems are not presently being experienced and are not anticipated in the future on the
SDG&E system. There are three reasons for this. First there is a significant amount of local
generation in and near the SDG&E service territory. The second reason is SDG&E’s practice of
controlling distribution voltages with capaators to provide power factor corr@ion to near unity
power factor at distribution substations. Third, SDG&E maintains a transmission system
minimum voltage criteria of 0.9 or higher.

At this time the ability of batteries to provide rapid dynamic voltage control like an SVS
does not appear to be needed by SDG&E. However, SDG&E planners are studying potential
future applications of SVS on the SDG&E system, possibly in the late 1990s, as the system load
grows. Batteries are a potentially cost effective alternative to SVS in solving future voltage
control problems requiring SVS, because batteries can improve voltage stability in two ways.
They can supply real power near loads thus reducing the loading on a stressed or weakened
system. They can also provide reactive power and regulate voltage at about $22/kvar versus
$90/kvar as discussed in the previous two sections.

Damping and First swing Stablllty

Damping and first swing stability problems were not identified as potential SDG&E
transmission system expansion problems during discussions with SDG&E engineers. Hence, no
battery storage stability benefits were identi.lied as part of this study. However, damping and
first swing stability problems are a concern in determining power transfer limits into the
southern California region. Previous experience indicates that batteries can provide a significant
amount of damping and improve first swing stability limits if batteries are located near the
“receiving end” of a transmission system; and provision is made to modulate battery storage
MW output in the millisecond time frame. If SDG&E installs batteries on their system, the
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batteries will be located at the receiving end of this regioml transmission system for power
imports from Arizona and the Northwest. Hence, in the future, additional damping and first
swing stability economic benefits may be identified for future SDG&E batteries, based on
increased regional power transfer capability.

OTHER CONSIDERATIONS AND ISSUES

Previous sections of this report show there are significant potential economic benefits
associated with the installation of batteries to defer new facilities on heavily loaded SDG&E T&D
systems. However, obtaining these potential battery storage benefits may require changes in
present SDG&E T&D planning practices which do not include battery storage characteristics.

Reliability

The first issue is reliability. Present SDG&E transmissionplaning criteria is deterministic,
and has been developed over the years to address the outage frequency and duration
characteristics of transmission equipment. SDG&E distribution planning criteria includes
consideration of customer outage frequency and duration.

Future batteries and power conversion systems should provide the reliability level that
HVDC lines, SVSS, and adjustable speed drives do today. Hence battery storage component
failures should cause just a few battery outage events per year, and outage duration should be
just a few days or less per year. In this regard batteries will rival transmission lines and
distribution lines, but may not compete with transformers.

However, beyond providing reliability similar to transmission and distribution lines,
batteries may have an additional reliability advantage. A battery is a ‘local source’ and thus is
not dependent on upstream components as is, for instance, the substation transformer. The
battery is, in effect, an independent source of power and thus may make a more significant
contribution to reliability than its outage rate and duration statistics would seem to indicate. It
is an independent source because it is not part of a series string of devices, any one of which can
cause an outage or reduce capacity.

However, unlike transformers and transmission and distribution lines, batteries are not
necessarily “available” just because they are on-line. Batteries thus may need to be in a charged
state, and have a specific energy storage capability to be considered reliable backup to various
T&D facilities. On the other hand, a battery that is normally discharged to 20% of capacity but
can be discharged to 90 or 100% in an emergency may provide reliability by supplying energy
for the time needed for switching actions to restore or m-structure lines and transformers to
carry the full substation load.

A probabilistic reliability assessment may be needed to fully recogn!ze a battery’s
contribution to reliability. Utilities still depend heavily on deterministic criteria, and thus may
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have difficulty measuring the reliability of a substation load served in part from a battery. The
contribution a battery can make in meeting utility distribution reliability criteria has not, to our
knowledge; been analyzed.

Short-Term Transformer Loadings

The second issue is short-term transformer loadings. Existing SDG&E allowable short-
term transformer loadings are significantly above normal MVA ratings. These short-term ratings
are based on appropriate assumptions about the thermal impact of the typical transformer
loading cycle. The thermal time constant of the massive transformer allows significant
overloading without significant loss of life if the period of heavy loading is balanced by a
previous period of light loading. The typical substation load cycle provides the alternating light
and heavy loading that makes transformer overloading practical.

The charging of batteries during off-peak periods will increase off-peak transformer
loading but discharging them will reduce the on-peak loading. B-use on-peak transformer
losses are higher than off-peak losses, the flatter loading curve will reduce transformer losses
overall, and thus reduce transformer heating. This will increasethe average power a transformer
can handle. Hence at the same time a battery can defer transformer capacity and increase the
load that can be placed on existing transformers. This benefit has not been quantified and would
require analysis that has not been done.

Land Use

The third issue is land use. Sections 2 and 3 presented land use requirements and costs
for T&D facilities. Judicious placement of batteries in the SDG&E T&D system to defer new
T&D facilities also requires space. This space will be required in high land cost areas, especially
for batteries placed within the urban San Diego area. Discussions with SDG&E engineers
indicate that there may be problems obtaining space in some locations, and discussions with
SDG&E land purchase personnel indicate that the land cost will be high. These factors must be
considered as part of the application of batteries in the SDG&E T&D system.

Review of recent modular battery storage designs indicate that a 500 kwh battery storage
system with dimensions of 26’ long by 9’ wide by 12’ high may soon be commercially available.
Preliminary layout of these modules assuming 5’ spacing indicates combination of several
modules require about 1250 ~ per MWh. At $20/f? land cost this results in a battery storage
land use cost of about $25,000 per MWh of battery storage installed.
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NEW DISTRIBUTION PROJECTS

In general, the purpose of the distribution system is to reliably distribute power within
load centers. Since the SDG&E distribution system, like that of other utilities, consists of many
distribution circuits delivering small amounts of power, new distribution projects are planned,
designed, and installed regularly by SDG&E. SDG&E plans and designs these circuits in
accordance with its distribution design standards. 1 These SDG&E standard designs are used
for developing appropriate new distribution project characteristics considered in this study.

Some or all of 20 MW of batteries in the transmission example presented in Section 2
could provide transmission benefits while located at the 12 kV bus of the 69/12 kV distribution
substation. Or, since batteries are modular, some of the batteries could be distributed out in the
12 kV distribution system in several smaller battery installations, probably in the range 1 MW
to 5 MW. Siting batteries in the distribution system can affect distribution system reliability and
power flow, resulting in potential distribution system benefits.

In this study, potential benefits of 1 to 5 MW battery applications are considered.
Therefore, potential distribution system benefits associated with the judicious siting of batteries
are confined to 69/12 kV (or 138/12 kV) distribution substations and 12 kV primary distribution
feeders.

A standard SDG&E 100 MVA 69/12 kV distribution substation design CO@StS of 4-28
MVA transformers. Generic new distribution substation projects are considered, including
deferring the addition of a 28 MVA transformer to an existing substation and deferring the
construction of a new substation containing a single 28 MVA transformer.

Standard SDG&E 12 kV distribution feeder capacity is 9 to 10 MVA and typical feeder
lengths are 5 to 10 miles. This study considers deferring the addition of a 5 mile 9 to 10 MVA
distribution feeder.

1. Electric Distribution Desim Manual, San Diego Gas and Electric, effective 1/1/91 to 12/31/91.
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DISTRIBUTION SYSTEM RELIABILITY CRITERIA

Distribution system reliability criteria are defined in detail in the SDG&E Distribution
Design Manual. In particular, regarding overload capacity, 28 MVA transformed are allowed
to be routinely loaded to 30 MVA during summer peak loading conditions. After a transformer
failure during summer conditions, substation loading must be reduced to 38 MVA in 15 minutes
and to 32 MVA in 4 hours for a two transformer substation; to 76 MVA in 15 minutes and to 70
MVA in 4 hours for a three transformer substation to 110 MVA in 15 minutes and to 104 MVA
in 4 hours for a four transformer substation. Allowable transformer loadings are increased
during winter conditions.

At SDG&E, distribution feeders are generally radial with normally open ties to other
distribution circuits to provide backup. Feedem can be broken into sections by opening line
switches and other tie switches closai to shift load to other feeders or reach customers beyond
faulted feeder sections. The number of feeders and requirements for new feders are determined
on a case by case basis from customer outage frequency and duration calculations, voltage
spread limits, and substation and feeder MVA capacity

Allowable voltage spread is 114 to 120 v at the customer service points throughout the
distribution system. This requires consideration of both distribution primary and secondary
system voltage drops during both peak and light loading conditions. Other SDG&E voltage

policy includes the addition of shunt capacitors in the distribution system
factor of 0.995 at the distribution substation.

POTENTIAL
BENEFITS

Typical

DISTRIBUTION SUBSTATION TRANSFORMER

to maintain a power

DEFERRAL

SDG&E distribution substation transformer installed cost assumptions are
presented in Table 4-1. Adding a new 28 MVA transformer may cost anywhere from $700,000
to $8 million dollars depending on the site-specific circumstances. As with transmission
expansion described in Section 2, a large component of this cost is land. The standard area
requirement for a 100 MVA distribution substation is 450’ x 550’ (5.6 acres). Assuming a high
land cost of $20/~, this translates into $4,950,000. At $25/ft? land costs for a 100 MVA
distribution substation can exceed $6,000,000.

Table 4-1
TYPICAL RANGE SDG&E DISTRIBUTION SUBSTATION TRANSFORMER COST

Transformer Addition 1990 Dollar Installed Cost ($1000)

Add 28 MVA Transformer to Existing Substation 700-2,000
Add 28 MVA Transformer at New Substation 2,000-8,000

To put these costs in perspective, consider the potential distribution substation
transformer deferral benefit at an existing two-transformer substation loaded to 60 MW and
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approaching its capaaty limit. Assuming a load growth of 3%, a third 28 MVA transformer
addition costing about $2 million maybe able to be deferred about 3 years by adding a battery
which can reliably supply about 5 MW at the 12 kV bus during the annual peak load. Assuming
a 16.35% fixed charge rate, the potential battery storage benefit to defer the third transformer
totals $981,000 or $327@O0 per year for three years. Assuming a discount rate of 11.6% and 4%
inflation, the resulting transformer deferral PWRR savings benefit associated with deferring the
third transformer three years is $538~.

In a substation with a lower growth rate, for instance, 1.5%, the same 5 MW battery
would defer the transformer 6 years. In this case the potential battery storage benefit totals
$1,%2,000 or $327JIO0 per year for six years. The resulting transformer deferral PWRR savings
benefit associated with deferring the third transformer six years is $973,000.

On a capital investment basis, this example transformer deferral benefit translates into
a battery storage credit of $76/kW benefit for the 5 MW battery if the transformer is deferred
3 years, and $138/kW if it is deferred six years.

Consider a larger four-transformer distribution substation approaching capacity at 120
MW and a 3% load growth assumption. Adding a battery which can reliably supply 10 MW at
the 12 kV bus during annual peak load may allow deferral of a 28 MVA transformer and a new
distribution substation site for a period of 3 years. If the new transformer addition costs $8
million and the fixed charge rate is 16.35%, the potential battery storage benefit for deferring this
new transformer addition totals $3,924,000 or $1,308,000 per year for three years. Again
assuming a discount rate of 11.6% and 4% inflation, the resulting transformer deferral PWRR
savings benefit associated with deferring the new transformer three years is $1,408,000.

On a capital investment basis, this example transformer deferral benefit translates into
a battery storage credit of $100/kW for the 10 MW battery.

Deferring the new substation six years for a 1.5% growth rate case would give the 10 MW
battery a PWRR savings benefit of $3,891,000 and a battery energy storage credit of $276/kW.

POTENTIAL 12 KV FEEDER DEFERRAL BENEFITS

Typical SDG&E 12 kV feeder cost assumptions are presented in Table 4-2. Typical 12 kV
feeder costs vary from about $250,000 per mile to $800,000 per mile.

For this study, potential benefits associated with deferring a generic 5 mile underground
feeder addition (with conduit) will be evaluated. This new 12 kV feeder will be assumed to be
installed within the city of San Diego franchise area where no ROW Purchase is required.
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Table 4-2
TVPICAL SDG&E 12 kV FEEDER COSTS

12 kV Feeder Construction Typa 1990 Dollar Installsd Cost* ($1000/ml)

Overhead Construction 250
Underground, Wmh Conduit 800
Underground, Existing Conduit 250

● Without Land Cost

The generic 5 mile, 12 kV feeder is expected to cost about $4,000~. For this study,
assume that a judiciously placed reliable 2 MW battery within the distribution system can defer
this new feeder addition 3 years. (Note that future site specific distribution studies meeting
SDG&E reliability criteria will be required to determine potential feeder deferral benefits on a
case by case basis.) Assuming a 16.35’XOfixed charge rate, the potential battery storage benefit
associated with deferring the feeder totals $1,962,000 or $654,000 per year for three years.
Assuming a discount rate of 11.6% and a 4% inflation rate, the resulting feeder deferral PWRR
savings benefit is $704,(M0.

On a capital investment basis, this 5 mile, 12 kV feeder deferral benefit translates into a
battery storage credit of $250/kW for the 2 MW battery. Note that the potential battery storage
crdit would be significantly higher if ROW costs were required for the 12 kV feeder addition.

LOSS REDUCTION

The loss reduction consideration and issues described in Section 3 for transmission also
apply to distribution systems. However, the important issues concerning loss reduction
considerations on distribution systems are slightly different.

First, on distribution systems, the location of the generation used to charge the batteries
and the location of the generation displaced when the batteries are discharged is not expected
to have a significant impact on the relative magnitude of the losses and the resulting relative cost
of losses.

Second, it is likely that the daily load shape characteristics of individual feeders may vary
significantly from the coincident daily native SDG&E system load shape.

Appendix B presents plots of composite daily load curves for commercial and residential
substation loads plus example summer and winter daily load shape plots for one of SDG&E’s
distribution substations. These distribution substation daily load shapes vary significantly from

the total mtive system load shapes in Section 2 as measured at SDG&E generating units and tie
lines. And individual feeders connected to this substation are also expected to have different
daily load shapes. These plots verify the second issue raised above.
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VOLTAGE REGULATION

The voltage regulation consideration and issues described in Section 3 for transmission
also apply to distribution systems. Table 4-3 presents SDG&E cost estimates for conventional
capaator banks installed at the 12 kV distribution level. Overhead capacitors cost about $12.W
per kvar and pad mounted capaatom cost $25 per kvar.

Table 4-3
SDG&E SHUNT CAPACITOR COST ESTIMATE

CapacitorType InstalledCoat $

1200 kvar, Overhead 15,000
12000 kvar, Pad Mounted 30,000

As described in Section 2 batteries are expected to provide capaatance at about $22 per
kvar. Thus batteries appear to be economically competitive with pad mounted conventional
shunt capacitors installed on the 12 kV distribution system, and batteries are significantly more
economical if their presence avoids the need for SVS capacity (’Batteries in the SDG&E
distribution system will displace SVS capaaty in the SDG&E transmission system because
SDG&E does not apply auto=tic LTCS in

OTHER BATTERY STORAGE T&D
ISSUES

its dutribution substation).

BENEFITS, CONSIDERATIONS AND

The last two subsections of Section 3 (transmission) dealt with related issues such as
voltage stability, T&D system reliability, and land use. These issues are common to transmission
and distribution; most of the material from these two subsections of Section 3 applies equally
to distribution.
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COST/BENEFIT ANALYSIS

In this section the dollar value of the benefits described in the previous three sections is
compared to the cost of installing batteries. Following common industry practice, costs and
benefits are expressed in 1990 dollars per kilowatt of capacity or dollars per kilowatt-year of
capacity; the latter is a current dollar levelized cost over the battery unit’s life.

BATTERY CAPITAL COSTS

Because there are currently only a handful of utility battery installations in operation or
planned, there are no commonly accepted estimates for batte~ storage system costs. In addition,
costs are very dependent not only on power capaaty and storage capacity, but also on frequency
with which the battery is to be charged and discharged and the depth of discharge.

The cost estimates used here are from EPRI’s Technical Assessment Guide (TAG). They
have already been described in Section 1 of this document. Adjusted for inflation, the total cost
is $703/kW for a 3-hour battery and $943/kW for a 5-hour battery, including land cost. The
TAG does not provide a cost estimate for a ondudf or l-hour battery that could provide
spinning reserve but would have minimal energy capacity; we estimate that such a battery
would cost $350/kW. This is based on the EPRI TAG numbers, but reducing the storage
component of the $hour battery cost by two-thirds.

Using a fixed charge rate of 16.35%, as suggested by SDG&E, to convert overnight capital
costs to current dollar levelized annual battery costs yields the following:

size Levellzed Cspltal Cost

(hours) ($/kW-year)

1 $57.20

3 $114.94

The cost estimates in the EPRI TAG do not include cell replacement during the life of the battery
system; the individual cells do not last as long as the entire system. Depending on the number
of cycles per year that the battery is operated, cell replacement costs could add on the order of
$100/kW to the battery cost, or about $15/kW-year. In addition, the operating and maintenance
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(0&M) COStSfor the battery system should be included in a detailed analysis; they are ignored
in this screening-level amlysis.

CAPACITY VALUE OF BAITERY

Another potential benefit or savings that can be attributed to batteries, but not discusd
in the previous sections, results from its contribution to total system generating capacity. If the
addition of batteries allowed SDG&E to reduce new combustion turbine purchases or purchase
less firm capacity, then a capaaty credit on the order of $40 to $75/kW-yearl would be
appropriate. SDG&E is planning additions to generating capaaty during the next decade, so
such a capacity credit appears warranted.

COMPARING BENEFITS TO COSTS

The annual costs just described can now be compared to the benefits estimated in
%@ions 2,3, and 4. Recall that, as described in Section 2, there were no load-leveling benefits
on the SDG&E system. This resulted from the relative flatness of the hourly system marginal
costs (system lambda).

Two operating modes or applications were considered for calculating dynamic operating
benefits: a three-hour battery operated in a daily charge/discharge mode, and a batte~ with
much smaller storage capacity used only to provide spinning reserve. In order to maximize the
net operating benefits, enough batte~ capacity must be added to allow the recommitment of
one of the marginal units; this could require about 100 MW of battery capacity. The net
operating benefits were greater when the battery is used to provide spinning reserve; in this
case, they were calculated to be $26.89 /kW-year. However, a battery with only minimal storage
capacity might not be able to provide all of the T&D benefits described in Sections 3 and 4,
especially deferral of T&D investments. The three-hour battery provided net operating benefits
of $23.23 /kW-year when operated in charge/discharge mode.

It is necessary to account for the fact that the net operating benefits, which were
calculated only for 1990-1991, will escalate over time with inflation and with increasing natural
gas prices. For inflation of 4 percent per year and real escalation of natural gas prices of 1.5
percent per year, the effect is to roughly double the 1990-1991 value to yield net operating
benefits of about $50/kW-year level.ized in current dollars. This is a conservative estimate that

could be higher in the future as load growth forces increasing utilization of less economic units.

T&D investment defemal benefits range as high as $1200 per kW, depending on the
investment deferred; the $1200 figure is admittedly extreme. Different hours of storage capacity
will likely be required for different T&D applications; in particular, the $1200/kW benefit is

1. Combustion turbine cost of $400/kW times Ievelized fixed charge rate of 16.3!W0= $65/kW-y@r. Life extension
and capacity purchases will probably cost less; combined cycles will cost more.
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associated with deferral of a 69KV transmission line and would require more storage capaaty,
which would be more expensive. Using the same levelized fixed charge rate used above for
levelizing battery capital costs, and assuming that the battery would be sited to capture at least
moderate T&D benefits, yields a T&D value of $10 to $200 per kW of battery capacity per year.

Benefits in all categories ares “ ed in Table 5-1. In a screening level analysis such
as this, it is not possible to be more precise. The T&13benefits in particular are very site-specific
and can not be precisely calculated without identifying sites for battery installations and then
carrying out detailed T&D expansion plans with and without batteries.

Table 51
BENEFITS SUMMARY FOR SDG&E SYSTEM

category Annual Benefn ($AW-year)

Capacity 40-75

Generation 50-75

T&D 10-200

Environmental 1-20’

TOTAL 100-370

●For charging with on-system units.

Comparing total benefits to the battery costs, which are roughly $60 to $130 per kW-year
depending on the number of hours of storage indicates that batteries maybe quite economic on
the SDG&E system.
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CONCLUSIONS AND RECOMMENDATIONS

In this study several types of benefits that would occur from the addition of batteries to
the SDG&E system were calculated generation (load-leveling, dynamic operating and
environmental) and transmission and distribution. These benefits were also compared to the
costs of adding batteries. The results suggest that savings in dynamic operating costs and T&D
costs may justify the addition of batteries to the system.

GENERATION BENEFITS

Generation benefits were calculated for eight days during 1990-1991, one weekday and
one weekend day for each season, using actual SDG&E data. The benefits were calculated for
five gas-fired steam turbine units whose operation is most likely to be affected by the addition
of batteries to the system. Two modes of battery operation were considered: daily
charge/discharge with a three-hour battery, and provision of spinning reserve only with a one-
hour battery.

Load-Leveling Benefits

Because the marginal units on the SDG&E system are typically gas-fired steam turbines
for all hours (usually the Encina and South Bay units), the system marginal energy costs do not
differ much between on-peak and off-peak hours. Coupled with the assumed batte~ efficiency
of around 80 percent, this means that no load-leveling savings could be achievd on the SDG&E
system.

Dynamic Operating Benefits

A large portion of the operating costs of power plants results from fluctuating loads.
These costs are called dynamic operating costs, and include such things as startups, minimum
loadin& load following, and ramping. Technologies such as batteries that can reduce these costs
are said to provide dynamic operating benefits.

For each of the eight days the potential reduction in load following, minimum loading,
startup, and spinning reserve costs was calculated for each of the five units. The most cost-
effective unit for recommitment was identified on each day. By accounting for the relative
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occurrence of each of the eight “day types” during the year, an annual savings was calculated.
For the 1990-1991period, the savings was about $23-26 per kilowatt per year of battery capaaty;
the biggest component of the savings is from reductions in load-following costs. That is, each
kilowatt of battery capaaty would reduce system operating costs 23 to 26 dollars. Accounting
for inflation and increases in mtural gas prices, this is equivalent to an annual savings of about
$50, level.ized in current dollars, per kilowatt per year. The savings are likely to increase in the
future as load growth forces increasing utilization of less economic units.

Environmental Benefite

Storage in general, and batteries in particular, have the potential to shift the type and
location of emissions of NOX, SOx, and C02; NOX is of greatest concern in Southern California
at this time. Even if providing only spinning reserve, batteries have the potential to reduce NOX
emissions by aIlowing the system to be operated more efficiently. The adcJition of batteries to
the system might also make it unnecessary to retrofit expensive pollution controls such as SCR
to an existing gas-fired unit, if that unit’s operation would be sharply reduced as a result of
adding batteries.

TRANSMISSION AND DISTRIBUTION BENEFITS

This project identified the potential role battery storage could play in providing equal or
better performance than other transmission and distribution (T&D) options, such as adding new
T&D facilities and equipment. Current SDG&E transmission and distribution facility expansion
study results and transmission and distribution system design practices were reviewed with
appropriate SDG&E personnel to identify anticipated and potentially needed transmission
additions.

The results of this initial study indicate that strategically installing battery storage on the
SDG&E system may result in large T&D system benefits-up to $1200/kW. The actual
magnitude of the site specific T&D benefits and corresponding battery storage requirements
should be determined on a case-by<ase basis from more detailed analysis. Further analysis
should include the development of load profiles for substations that are candidate battery sites
so that the number of hours of storage required for equipment deferral can be determined.

Table 6-1 presents a summary of the range of annual potential savings to SDG&E
associatd with the deferral of various new transmission and distribution facilities. Table 6-2
presents a summary of the magnitude of potential benefits and associated battery storage credits
associated with T&D application of batteries on the SDG&E system. Several applications have
storage crdits in the range of several hundred dollars of battery capacity per kilowatt; for a
specific 69 kV transmission line the credit exceeds $1,000 per kilowatt.
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Table 6-1
RANGE OF POTENTIALANNUALT&D SAVINGS TO SDG&E

Range of Annual Savings
New T&D Project ($1000~r)

Defer Proposed 193469 kV Project 654- 1,s35

Defer 15 mi. 69 kV Line 591- 8,361

Defer 15 mi. 230 kV Line 3,163-16,356

Defer 230/69 kV Transformer Existing Sub 1,039- 1,116

Defer 69/12 kV Transformer Existing Sub 114- 327

Defer 69/12 kV Transformer New Sub 327- 1,308

Defer 5 mi. 12 kV Underground Feeder 654

Defer 4.6 MVAR of Shunt Capacitors 6

Defer 9.2 MVAR of SVS 102

Table &2
EXAMPLE T&D BAITERY T&D BENEFITS AT SDG&E

Battery Size PWRR Savings Battery Credit
Battery Application (MW) ($1000) ($kw)

1. Defer 15 mi. 69 kV Line 9 years
Single Circuit
Double Circuit

2. Defer 28 MVA 69/12 kV Transformer 3 yeare
Existing Sub
New Sub

Defer 28 MVA 69/12 kV Transformer 6 yeare
Existing Sub
New Sub

3. Defer 5 mi. 12 kV Feeder
3 years

4. Defer 4.6 MVAR of Capacitors to Perpetuity
Shunt Capacitors
Svs

20
20

5
10

5
10

2

10
10

31,057
33,874

538
1,408

973
3,891

704

47
880

1100
1200

76
100

138
276

250

4
62

COST/BENEFIT ANALYSIS

Summing the capaaty, generation, environmental, and T&D benefits yields levelized
Currentdollar savings of $100 to 370/kW-year, compared to a leve~ed current-do~r cost of ~
to $130/kW-year. These values suggest that batteries would be a cost-effective addition to the
SDG&E system.

Some benefits may be mutually exclusive. This is true both for different T&D benefits
and for T&D benefits versus dynamic operating benefits For example, the load-leveling that

batteries make possible can reduce T&D losses, but this benefit may be lost if investment is
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deferred as a result of adding batteries. The interactions between the various benefits, i.e.,
whether they are additive or mutually exclusive, depends on storage size, location, system load
shapes, load shapes at individual substations and on individual transmission and distribution
lines, how the system (including the battery) is operated, and on any equipment deferred as a
result of adding batteries.

RECOMMENDATIONS

Based on the results of this screening-level study, it is recommended that SDG&E
seriously consider the addition of battery storage to ik system. A detailed
findings of this initial screening study and to calculate the benefits
recommended. Such a study should include the following aspects

study to verify the
more precisely is

1. More detailed calculation of generation dynamic operating costs and
benefits should be carried out, including examination of multiple weeks
of system operation during the course of the year and consideration of
how system operation, and espxially the operation of marginal units, is
likely to change in the future.

2. Detailed T&D expansion studies should be carried out, with and without
batteries. Potential sites for installing batteries should be identified.

3. Particular care should be paid to the interactions among the various
benefits, to ensure that batteries are not being justified on the basis of
benefits that may be mutually exclusive.

4. Comparative evaluation of the economics of battery storage with other
capacity additions under consideration by SDG&E.

Such detailed study would also allow a better assessment of the “optimum” battery size
and the best time for adding the battery plant to the SDG&E system.
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TRANSMISSION FACILITY

Appendix A contains a listing of the

ASSUMPTIONS

detailed assumptions supplied by SDG&E
transmission planning personnel for use in this analysis. Table A-1 presents a listing of typical
transmission line construction cost estimates for alternative overhead and underground
transmission line construction types and phase conductor sizes. Table A-2 presents a listing of
appropriate line ratings and impedance data for the various transmission construction types.
Table A-3 presents typical bulk power transformer plus breaker installed cost estimates used for
current SDG&E transmission planning studies.
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Table A-1
TYPICAL TRANSMISSIONLINE CONSTRUCTIONCOST ESTIMATES

1990 Dollar
Installed Coat”

Construction Type ($1000/mile)

1. 69 kV Wood poles:
Single circuit 336.4 ASCFVAW
Single circuit 636 ACSWAW
Singlecircuit1033,5ASCWAW
Twin circuk single conductor 1033.5 ASCWAW
Shgle circuit overbuild 1033ASCWAWw/4W63612 kV
Single circuit reenductor (1/0 cu. -336 al.)
Single circuit reanductor (1M cu. -636 al.)
Single circuit re-nductor (lhl cu. -1033 al.)
Single circuk re-nductor (4/0 cu. -636 al.)
Single circuit re-nductor (4/0 cu. -1033 al.)

2. 136kV Wood Poles:
Single circuii single conductor 1033.5 ACSWAW

3. Wood H-Frame Structures (1033.5 ACSWAW):
138 kV single circuit bundled conductor
230 kV single circuk bundled cmductor

4. 230 kV Lattice Tower (1033.5 ACSWAW):
Single circuit single conductor
Single circuit bundled conductor
Twin circuit single conductor
Twin circuit bundIed conductor

$139
162
178
320
353
146
162
178
154
146

$170

344
369

565
664
693
689

5. 230 kV Steel Poles (1033.5 ACSWAW):
Single circuit single conductor 641
Twin circuk single conductor 964
Twin circuit bundled ~nductor 1,158
Bundle existing single circuit 1033.5 on steel structures 100
Add single circuit single conductor 1033.5 to steel structures 132
Add single circuit bundled conductor 1033.5 to steel structures 231

6. 500 kV Lattirx Towers (4156 ACSFUAW):
Single circuit, bundled conductor 556

7. 69 kV Underground:
Install 1750 MCM Al cable direct buried in an existing open trench 549
Install 1750 MCM Al cable in existing ducts 567
Trench for direct buried cable 689
Trench for direct buried cable w/4- dud for telecommunication 757
installation twin circuit duct bank (trench and substructures only) 1,396
Install twin circuit duct bank w/4” duct for telemmmunication (trench and 1,419
substructures only)

● Estimates indude AFDC, interest, local engineering, engineering supporl, P&W, and 15°A contingency.

mm D2cbkm b lnonpmted
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Table A-2
APPROXIMATEUNE RATINGSAND IMPEDANCEDATA

69, 13S,230& 5W kV
Voltsgsil Mm. (1) (2) (2) (2)(3)
@nductor Sb Ampacfty MVA R(pu) x (pU) b/2(pu)

Single
single
Bundled
Single
Single
Bundled
Single
Bundled
Single
175o MCM

138 kV
Single
Bundled
Single
Bundled

lm
440
4/0
1/0
336
336
636
636
1033
Al

636
636
1033
1033
1590

230 kV
Single
Bundled
Single
Bundled

500 kV
Bundled

1033
1033
1590
1590

2156

Cu 270
Cu 421
Cu 842

ACSR 269
ACSR 571
ACSR 1142
ACSR 654
ACSR 1708
ACSR 1145
Cable (4)

ACSR 854
ACSR 1708
ACSR 1145
ACSR 2290
ACSR 3006

ACSR 1145
ACSR 2290
ACSR 1503
ACSR 3006

ACSR (5) (6)

(1) Max. AmDacitv at Ambient Temperature.

32 .012750 .016770 .0001284
50 .008360 .016060 .0001384

101 .003180 .011200 .0001885
32 .023520 .018480 .0001350
68 .006440 .014050 .0001510

136 .003220 .010500 .0002000
102 .003400 .013250 .0001605
204 .001700 .009870 .0002130
137 .002180 .013600 .0001570

(4) .001440 .007183 .0039600

204 .000886 .003810 .0004500
408 .000424 .002760 .0007550
274 .000542 .003960 .000s350
547 .000271 .002920 .0007150
719 .000179 .002740 .0007625

456 .000196 .001425 .0014850
912 .000098 .001045 .0020250
599 .000130 .001380 .0015400

1198 .000342 .001010 .0020750

(6) .000110 .000238 .0088000

100°, andamaximum conductor temr)erature of2FPS wind of.,
167 for bpp;r and 194° for A;uminum. (Tem~ratures are assumed to be deg~ees Fahrenheit).

(2) On 100 MVA base.
,(3) Total 3 phase line-charge.
(4) Varies, dependent on manufacturer and design configurations.
(5) Base on no series compensation; dsgraes=40.5; phase-space=32.
(6) Not provided

Table A-3
BULK POWER TRANSFORMER AND BREAKER COST ESTIMATES

1990 Dollar Installed Cost ($1000)

1. Transformer, 2 High Side Breakers, 1 Low Side Breaker
500R30 I(V 1000 MVA 11,119
2301138 kV 392 MVA 7,612
230/69 kV 224 MVA 6,354

S2r27a

2. Transformer, 2 High Side Breakers, 2 Low Side Breakers
500/230 kV 1000 MVA 13,988
230/1 38 kV 392 MVA 8,084
230169 kV 224 MVA 6,826

Dl?cisbn FmM IncOrpcad
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c

TYPICAL DAILY SDG&E DISTRIBUTION
SUBSTATION LOAD SHAPES

Appendix C presents typical daily SDG&E distribution substation load shapes. Figure
C-1 presents the daily load for composite SDG&E commercial loads and residential loads. Figure
C-2 presents the daily load shapes for the annual peak load day in September 1990 and for the
monthly peak day in December 1989 for one of SDG&E’s distribution substations.

R21wa Dc!d9&l FLlauImmpwKted
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Appendix C

An Estimate of
Battery Energy Storage Benefits
on the Oglethorpe Power System
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AN ESTIMATEOF BAITERY ENERGYSTORAGE BENEFITS
ON THE OGLETHORPEPOWERSYSTEM

EXECUTIVESUMMARY

Sandia National Laboratories sponsored this study, with cofunding from Oglethorpe Power

Corporation (OPC), to determine if battery energy storage maybe competitive with other options

on the OPC system. Sandia’s broader interest is to be a catalyst in the evolution of a market for

battery energy storage technology among rural electric cooperatives (RECs) in particular and

other utilities in general.

In this study, the potential role which battery energy storage could play

a) in providing a backup power source or an alternative to traditional fossil fuel

distributed generation, and

b) deferment of new transmission and distribution facilities

in the Oglethorpe Power (OPC and EMCS) System were investigated.

The methodology consisted of evaluating and quantifying the reasonable benefits attainable from

the battery storage applications and comparing the total benefits against the cost of the battery

storage. Several benefits and the particular characteristics of the OPC system were reviewed and

analyzed including:

o

0

0

0

0

0

0

0

had shape with and without direct load control

Future generation expansion plan

Role of pumped storage hydro and its impact on load leveling

Cost of purchased power and energy

Future transmission projects

Future distribution projects

Radial transmission lines/substations

Need for backup power source.
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Five specific locations within the OPC system, for the battery storage applications to defa

transmission and distribution projects, were selected fm this study. The battery sizes used for

these five locations = shown in Table E-1.

TABLE E-1

SELECTED BATTERY SIZES

LOCATIONS

ITEMS H E s v w

7.5 26.0 9.0 217.0 218.0

1.5 6.5 1.5 31.0 43.6

HOURS 5 4 6 7 5

The results of a benefit to cost comparison are presented in Figure E-1. The methodology used

for benefit to cost comparison is essentially based on calculating the present worth of all the

annual cost savings/benefits accruing due to the battery application and the annual cost of owning

and operating the corresponding battery plant.

. .
-EmERYIixmOr& --

FIGURE E-1
COMPARISON OF BENEFITS TO COST

for 5 Battery Locations
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Only four major benefits due to battery storage application am included in these benefits to cost

ratios. They are:

o Generation capacity

o Transmission deftxment

o Distribution deferment

o Value of service or cost of outage.

The battery storage identified in this study is mostly in the form of a backup or reserve source.

It is not used in the general sense of load leveling. A generation capacity (KW) credit based on

a 10 hour discharge rating is applicable. This battery KW (based on 10 hour discharge rating)

is essentially a generation reserve source. A 10 hour discharge rating is used so that even if this

reserve is called upon during the annual peak load condition, the battery will be in a position to

provide the power (KW) equal to the credit it has nxxived for the longest peak load period of

10 hours. Thus, for example, a 10 MW, 1 hour battery is given a credit of 1 MW. The cost of

the battery credit is based on the least expensive or the preferred generation alternative, which

is a combustion turbine. The annual cost savings from avoiding the investment in this generation

is cnxiited to the battery.

transmission qedit is basically computed on the basis of the cost of deferring the project.

actual capital cost expenditure is considered to be postponed by a number of years. The

annual cost savings due to the postponement is credited to the battery benefits. The distribution

benefits are also calculated similarly.

The fourth and last benefit computed in this study is the value of service or cost of outages. The

interruption cost or value of service (VOS) data is considenxl to be suitable to relate the worth

of service reliability to the cost of service. The value of service or outage costs depends upon

type of lo@ fiquency and duration of interruption and timing of the interruption. However,

some of these costs have a wide range. The cost range for one hour interruption has been

reported in the literature.

E-3
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The actual cost or value of seMce used in this study is shown in Table E-2. For each of the five

candidates of battery application analyzed in this study, it is assumed that the total amount of

energy not served or KWH interrupted per year is equal to the total battery KWH rating. This

means tha~ on the average, the sum of energy supplied to the customers by the battery during

the interruptions over a period of one year is equal to its total energy rating.

TABLE E-2

VALUE OF SERVICE OR OUTAGE COST FOR
ONE HOUR INTERRUPTION

I $/KWH Not Served

1
I Low I High

Residential* 0.05 5.00

Industrial* 2.00 53.00

Commercial* 2.00 35.00
I 1

poultry & Eggsl I 0.12 I 5.68

After computing benefits, the battery storage system costs were calculated. For the battery alone

a different life is used than for the entire battery storage plant. The O&M used is 0.25% of the

capital cost. Arnortising the capital cost is levelized over the plant life. The salvage value of the

battery cells is included in computing the levelized annual cost. The ~placement cost of battery

cells is included as needed. The converter and balance of plant are assumed to have a 30 year

life and no salvage value.

Benefit to cost ratio for battery application at five different locations for T&D deferment have

been computed. The percentage benefit the four items are shown in Figure E-2.

1 G. Waker andIL BiUinton,“FarmLossesResultingfromEleetricServiceInterruptions- A Canadian
SUrveyyIEEETranaaetionsonPowerSystems,Vol. 4, No. 2, May 1989,pp472478.

2 A.P. San@vi a al, “power System ReliabilityPlanning Practices in No* America”, IEEE Transactions
on PowerSystems,VOL6, No.4, Nov. 1991,pp 1485-1492.
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BATtERY LOCATIONS

I-GEN - TR4NSMN - DISTR6TNm BACKUP

FIGURE E-2!
PERCENT OF BENEFITS

for 5 Battery Locations

o Backup source (considering cost of outage, value of seMce or value of unserved

energy) credit was the most signillcant benefit horn battery storage. In terms of

customer loads on the OPC/EMC system, the poultry indus~ loads are

considered to suffer high damage when service interruption occurs. Hence, some

of these egg hatcheries and chicken farms currently provide, or plan to install .

backup diesel generation. Application of a 7,500 KWH, 5 hours discharge rating

battery at Hollywood substation showed a benefit to cost ratio of 1.5. This was

one of the highest benefit to cost ratios obtained in this study.

o Whenever there is an outage on a radial line, an interruption of service occurs.

If the line is inaccessible or has difficult terrain, then repair of the line may be

difficult and corresponding outage may be lengthy . One such example selected

for this study was the application of a battery for backup instead of building a

second transmission line. The benefit to cost ratio is 1.26 for this case. This
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substation is an attractive location (out of the 5 analyzed) for the battery

application and deferment of a second transmission line.

o A third substation was selected fa evaluating the deferment of a new distribution

transformer. The benefit to cost ratio tinned out to be 0.62. The generation

capacity credit was the larges~ followed by the backup some cnxlit with

distribution credit being the least. No transmission deferment was used in this

example. A higher backup source credit in lieu of new transmission line credit

may be wamanted here. The value of semice has to be $8.00/KWH for breakeven

of benefit to cost ratio as compared to $2.61/KWH (used in the base case fm the
.

lWiO of 0.62).

o Deferment of an additional 140 MVA, 220/1 15 kV transformer at two substations

wem evaluated The benefit to cost ratios were 0.57 and 0.54 respectively.

Because of parallel 230 kV and 115 kV lines comected to these substations,

oversize battexy storage capacity was needed to provide a given load Auction on

the existing transformers. Hence, the size of the battery and its cost would be

about twice that required to nxiuce load on a radially connected transformer in

which case the benefit to cost would be nearly breakeven.

In addition to base cases, several sensitivity analyses were performed for the highest benefit to

cost application. The sensitivity analysis included changing the following parameters, one at a

time:

o Battery cost

o Converter and balance of plant cost

o Battery life

o Salvage value

o Value of service/cost of outages

o Extended distribution benefits.
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In the fit case, the battery’s cost can be 60% higher than the base case, for the value of benefits

I to equal the cost of battery storage. In the second case, the converter and balance of plant (PCS

+ BOP) cost was doubled and this reduced the benefit to cost ratio from 1.49 to 1.27. These two

sensitivity cases show that the battery cells cost has a higher effect on the overall cost as

compamd to the converter and other costs.

In the thid case, the batterylife was reduced to 10 years from 15 years. This means two battery

replacements ant included in this case-3 as compamxi to only one battery replacement in the base

case. The benefit to cost mtio decreased fkom 1.49 to 1.42 which is not a substantial reduction.

Thus, them may be economic advantages in improving the cycle life of lead acid batteries, but

the chronological life is not significant as compared to the battery cost itself.

In the fourth case, the salvage value was doubled from 20%. Surprisingly, the benefit to cost ratio

increased to 1.68. This may be partly explained by the escalation used in computing replacement

battery cost. Essentially, the salvage part of the battery cost is escalated by 4.5% because at the

end of battery life, the trade-in value of the battery is assumed to be equal to the salvage

percentage of the new battery COSL

The fifth sensitivity case involved the value of service or backup source cmxlit. As noted earlier,

this item contributed most to the battery benefits. This value of service maybe about 50% of the

base case for the bmlceven cost.

In the sixth sensitivity case, the distribution benefits were extended to 30 years. The base case

showed the distribution transformer deferment for 10 years only. Because the battery can be

moved to another location, similar distribution benefits may continue to accrue. This case shows

an increased benefit to cost ratio of 1.58. The cost of moving the battery and any change in value

of seMce are not recognized in this case.
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AN ESllMATE OF
BAITERY ENERGYSTORAGEBENEFITS
ON ‘lHE OGLE’IHORPEPOWERSYSTEM

1.0 INTRODUCTION

The purpose of this study was to identify the potential role battery storage could play in

providing equal or better perkmnance than other traditionaltransmission and distribution

(T&D) options, such as adding new T&D facilities and equipmentin the Oglethorpe Power

System.

Sandia National Laboratoriessponsoredthis study, with cofunding tim Oglethorpe Power

-don (oPC), to determine if batteryenergy storage maybe competitive with other

options on the OPC system. Sandia’s broaderinterest is to be a catalyst in the evolution

of a madcetfor batteryenergy storage technology among ruralelectric cooperatives (RECs)

in particularand other utilities in general.

This study verified recent concurrence thatjustification of battery energy storage should

be analyzed differently as compared to most other utility equipmenq including other forms

of storage. Most utility equipment serves only a single purpose, and is justifkxl only if it

serves that purpose. Examples are generating plants which serve only a single purpose

regardless of where they are located. A distributionsubstationalso serves just one purpose,

though it must be in the proper place to do so. Batteries, potentially, provide several

‘resource’ benefits, several T&D benefits, and even some ‘strategic’ benefits. A proper

evaluation require that every possible benefit be investigated and quantied. A battery

is justifkd if the sum of all of the benefits exceeds its cost.

The approach through most of this study is thus to avoid comparing battery costs with

individual benefits. In fac~ the cost of a battery is not given any consideration until all

possible benefits have been identified and estimated.

This study is not thorough enough to truly ‘quantify’ all the benefits of batteries on the

OPC system. Indee& the intent of the study is to estimate the benefits with sufficient

accuracy to determine whether mom in-depth studies are warranted.
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The main conclusions from this study are presented in Section 2.0. The generation and

transmission perspective for this type of study is discussed in Section 3.0. Section 4.0

describes the characteristics of the Ogletho~e Power System. The generation related

benefits from battery storage are discussed in Section 5.0. Potential transmission and

distribution benefits are evaluated in Sections 6.0 and 7.0 respectively. Summation of these

benefits and cost-benefit comparison am presented in Sections 8.0. Four appendices contain

brief descriptions of battery storage benefits, terms, attributes, and hardware and control.

2



Power Technologies, Inc.

2.0 CONCLUSIONS

In this study, the potential role which batteryenergy storage could play

a) in providing a backup power some or an alternative to traditional fossil

fuel distributedgeneration, and

b) deferment of new transmission and distributionfacilities

in the Oglethoxpe Power (OPC and EMCS) System were investigated.

The methodology consisted of evaluating andquantifyingthe reasonable benefits attainable

from the batterystorage applicationand comparingthe total benefits against the cost of the

battery storage. Several benefits and the particularcharacteristicsof the OPC system were

reviewed and analyzed including

o

0

0

0

0

0

0

0

Load shape with and without direct load control

Future generation expansion plan

Role of pumped storage hydro and its impact on load leveling

Cost of purchased power and energy

Future transmission projects

Future distribution projects

Radial transmission lines/substations

Need for backup power some.

The detailed results from this wiew and analysis for five specific locations within the

OPC system are pmented in this nqwrt. The main conclusions am:

i. Backup source (considering cost of outage, value of service or value of

unserved energy) credit was the most si~lcant benefit tim battery

storage. In tmns of customer loads on the OPUEMC system, the poultry

industry loads are considered to suffer high damage when seMce

intemuptionoccurs. Hence, some of these egg hatcheries and chicken farms
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curmntIy provi&, or plan to install backupdiesel generation. Habersham#8

(Hollywood) Substationsexves a substantialnumberof these chicken faxrns.

Application of a 7,500 KWFL5 houmdischarge rating batttxyat Hollywood

substation showed a benefit to cost ratio of 1.5. This was one of the higher

benefit to cost ratios obtained in this study.

ii. The OPC system has approximately 24 substations served by radial

subtransmission lines. Whenever there is an outage on a radial line, an

interruption of service occurs. If the line is inaccessible or has difficult

terrain, then repair of the line may be difficult and comesponding outage

may be lengthy . One such example selected for this study is Planters #@

(Egypt) substation. Application of a battery for backup instead of building

a second transmission line was analyzed. The benefit to cost ratio is 1.26.

This Egypt substationis an attractivelocation (out of the 5 analyzed) fm the

battery application.

. . .
ill. Satilla #12 (Lanes bridge) substation was selected for evaluating the

deferment of a new disrnbution transformer. The benefit to cost ratio turned

out to be 0.62. The generation capacity cnxlit was the largest, followed by

the backup source credit with distribution credit being the least. No

transmission deferment was used in this example. A higher backup source

credit in lieu of new transmission line credit may be wam.nted here. The

value of service has to be $8.00/KWH for breakeven of benefit to cost ratio

as compared to $2.6UKWH (used in the base case fm the mtio of 0.62).

iv. Deferment of an additional 140 MVA, 220/115 kV transformer at both

Vidalia and Warrantonsubstationswere evaluated. The benefit to cost ratios

were 0.57 and 0.54 respectively. Because of parallel 230 kV and 115 kV

lines connected to these substations, oversize battery sturage capacity was

needed to provide a given load reduction on the existing transformers.

Hence, the size of the battery and its cost would be about twice that

required to reduce load on a radially comected transformer in which case

the benefit to cost would be nearly breakeven.
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v. High on-peak energy purchase price makes a load leveling type of

application very attractive.However, the existing direct load control (DLC)

and the Roc~ Mountain pumped storage hydro (PSH) plant under

consuuction provide most of the load leveling function fm the OPC

transmissionsystem. BatteryEnergy Storage would be mom appropriatefor

Distribution.

vi. Analysis for peak load shape, after factoring the DLC and PSH, shows that

a generation merve capacity credit for the battery storage based on a ten

hour discharge period may be given. For example, a 10 MWH batteryrated

for 1 hourdischarge maybe given 1 MW generationreserve capacity credit.

vii. Other generation cnxiits such as spinning reserve, load following and area

regulation are present. But these benefits are considered to be small and

difficult to quantify. The fitum operation of PSH will provide considerable

spinning merve benefits. Any leftover benefits fm the battery storage will

be insignificant.
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3.0 THE G&T PERSPECTIVE

Rural Electric Cooperatives, (RECs), are consumer-owned utilities established to provide

electricity service to rural America. Historically, most U.S. farms wem without electric

power until the mid-1930s because large, investor-owned utilities could not economically

justify building distribution lines to the low customer density rural areas. In 1935,

President Franklin D. Roosevelt signed an executive order creating the Rural

Electrification Administration (REA), an arm of the New Deal that worked to form rural

America into cooperatives to put up their own power lines. As a result of the order, more

than 1,000 distribution cooperatives were formed, and they immediately began constructing

lines to rural arias. By 1939, over 100,000 miles of power lines had been completed and

more than one million rural residents received electricity. Today, over half the electric

distribution lines in the U.S. are owned and maintained by cooperatives. These

cooperatives distribute about 7 percent of the nation’s electricity.

Typical rural electric cooperatives maintain almost 2,000 miles of line and serve close to

8,000 customers. Residential customers account for about 90 percent of the cooperative’s

total customers, while approximately 8 percent of the cooperative’s customers are

commercial. Rural electric cooperatives (RECs) average five consumers per mile.

Investor-owned utilities average 31 customers per mile of line.

The low customer density on rural electric transmission and distribution systems makes

RECS cost of transmission and distribution much higher, per customer, per Kw of peak

load, or per Kwh sold, than that of most municipal or investor owned elecrnc utilities.

T8zD costs are also high for RECS because T&D systems must be designed to

accommodate the local peak load, and many REC systems have a relatively poor load

factor. Because battery energy storage can be used to defer T&D investments, its T&D

deferral benefit on REC systems may be very significant.

The rural low density nature of REC systems also affects the reliability that can be

economically justified. Similarly, because of extensive line exposure, maintaining power

quality is dii?flculton rural REC systems. Batteries can provide a local source of power,
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largely independent of the transmission system, and thus can be used to improve reliability

and power quality.

Another consequence of long lines and low customer density is high T&D losses. By

charging batteries at night and discharging them during the peak load hours, T&D losses

can be measurably reduced.

Among all types of rural elecrnc cooperatives, the generation and transmission cooperatives

(G&T) appear to be the most likely to adopt battery energy storage. There are over 60

G&T cooperatives, ranging in size from the smalles$ serving about 6,000 customers with

an annual operating nwenue of $5 million, to the largest, Oglethorpe Power, serving nearly

900,000 customers (through distribution cooperatives) with annual revenue of about one

billion dollars.

Generation and transmission cooperatives have the construction and operation experience

that would allow them to successfully build and maintain battery energy storage systems.

In 1988, G&T cooperatives had 239 generating plants with an overall generating capacity

(nameplate) of over 30,000 MW. Steam generating plants are the G&T cooperatives’ chief

source of energy, producing 86 percent of the total generated. Generation at internal

combustion plants accounted for 2.5 percent of the total, while nuclear and hydroelecrnc

production amounted to 11.3 percent and 0.2 percent respectively. With their considerable

experience in generation, cooperatives would have no foreseeable difficulties designing,

constructing, operating and maintaining battery energy storage facilities.

In summary, rural electric cooperatives have many of the aspects of large, sophisticated

electricity customers. Many of them pay significant demand, energy, and/orpower factor

correction charges which can yield signiilcant savings when peak demand is reduced.

Generation and transmission cooperatives have the size, strength, and experience to

construct and operate a battery storage facility and are in a position to take advantage of

reduced capital costs and operating flexibility. The introduction of battery energy storage

to the electric utility industry through this market segment can be an effective strategy.
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4.0 CHARACTERISTICS OF THE OGLETHORPE POWER SYSTEM

Oglethorpe Power Corporation(OPC) was formed in 1974 by 39 of Georgia’s 42 electric

membership corporations @MCs) for the purpose of supplying electricity to its founding

members. Today, OPC serves over 71 percent of the area in the State of Georgia and is

one of the largest generation and transmission (G&T) cooperatives in terms of number of

ultimate customers and annual kilowatt hour sales.

OglethorpePower’s generation capacity has traditionally been provided by joint ownership

and lease agreements with the local investor-owned utility. Most of the base load capacity

is provided by the Hatch and Vogde nuclear, and Scherer and Wansly coal plants.

However, load growth has primarily been in the form of peaking power. In 1988, peak

demand grew by 8.6 pement while energy demand increased by 5.8 percent. Furthermore,

system growth provided the incentive for Oglethorpe Power Corporation to build its own

generation facilities. Thus, OPC has pursued a course of building facilities that best

provide peaking power. This includes the 2.1 MW Walter H. Harrison hydroelecrnc plant

and the 760 MW Rocky Mountain pumped storage plant which is under construction.

The cooperatives supplied by OPC me spread throughout the State of Georgia. Along with

the other utilities, OPC shares about 15,000 miles of transmission network. OPC, along

with other participants, have pioneered the concept of an integrated transmission system

(ITS). The lTS agreement allows the participants to use any transmission line or substation

on the network. Each participant buys into the existing transmission system based on the

contribution to the coincident and non-coincident annual amount of power the supplier

transmitted over the system. Thus, there is considerable incentive to reduce the annual

peak load imposed on the transmission system by each participant.

OPC is in another unique situation. In the State of Georgia, customers with connected

loads greater than 900 kw (refen-ed to as “customer choice load”) can select their power

supply tim any EMC or other utility within the state. Thus, there is considerable

competition for these “customer choice loads.” Obviously, cost, reliability, and quality

power are important in winning these “choice customer loads”. This competitive factor,
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not an influential factor for most electric utilities, is an important factor for OPC and its

member cooperatives.

The investigation and adoptionof advanced technologies, such as Battery Energy Storage,

is a natural outcome of OPC’s need to supply peaking power, minimize cost of extensive

transmission system, and compete for customer choice loads. Battery energy storage is

promising to Oglethmpe Power Corporation because of unique features such as:

o Peaking power without new generation capacity construction;

o Flexible size (modular) and siting (existing substation locations);

o Additional value to customers such as improved power quality and/or

reliabili~,

o Offers system operation benefits and flexibility

o Transmission and distribution benefits such as substation or line deferral;

o ITS parity benefits.

OPC, jointly with Electric Power Research Institute, is also investigating other options. A

parallel study entitled “Assessment of the Benefits of Distributed Fuel-cell and Diesel

Genemtors” is also underway.

4.1 Load Characteristics

OPC had a peak load of 3,883 MW in 1991. The load is forecast to grow to nearly 6,000

MW by the year 2000. The load is summer peaking. During winter, the daily peaks are

sharp, but the peaks are lower than summer peaks (Figure 4.1). The summer peaks are

almost tit and last 6-8 hours in the afternoons (Figure 4. 1). The winter load profile has

twin peaks, with the early morning peak sharper and higher than the evening peak. The

annual load factor of the native load is about 45 percent. Most (95 pement) of the ultimate

customers are residential, accounting for about 75 percent of the annual energy, and hence

the low load factor. Out of 74 substations which were examined, 12 substations showed

sharp peaks. In terms of future load, OPC forecasts that about 7 EMCS may contribute

about 70 percent of the growth.
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4.2 Generation

OPC’S generation mix includes part ownership in two nuclear power plants amounting to

1155 MW by the year 1994, some base load coal plant capacity, and hydro power purchase

from federal agencies (up to 542 M’W). The remaining requirement is purchased from

other utilities. OPC is building a pumped storage facility called Rocky Mountain Project

with 760 MW of capacity. This plant is expected to be in service in 1996 and OPC owns

a capacity of 651 MW.

4.3 Purchase Power

OPC purchases power to meet part of the Ioad requhments of its member cooperatives.

The pumhased power is in blocks of 250 MW each with about 15 percent reserve (35 MW)

included in this block A notice of 12-24 hours is required to purchase base load capacity

and energy. Otherwise, the purchased power is considered to be peaking capacity and

energy which has a higher energy charge.

TABLE 4.1

MONTHLY COMPONENT BLOCK RATES FOR YEAR 1991

Blocks 1-3 250 MW $6.50/kw/month 20.93-23 .79$/MWH

Block 4 250 MW $7.10/kw/month 27.52 $/MWH

Blocks 5-6 215 MW $1.25/kw/month 70.15 $/MwH

4.4 Load Management

Nearly 300,000 direct load control (DLC) switches have been installed to control

airconditioners and water heaters in most of the EMCS. The water heaters can be shut off

for long periods (hours). Airconditioners are cycled at 7 minute intervals. The peak load

reduction provided by load management in 1991 is estimated to be 350 MW. The peak

&y load profile with and without load management for the year 1991 is shown in Figure

4.2. OPC estimates that there may be another 150 MW of load management potential

available within the system by expanding the direct load control.
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4.5 Intemated Transmission Svstem

OPC, along with other utilities in the state, has implemented the concept of an integrated

transmission system (ITS). The concept is based on the assumption that each user buys

into the existing transmission system based on the amount of power each transmits over

the system. The noncoincident peaks are used in calculating the required investment for

all participants except for Georgia Power Company. Annual freed charges of owner

companies am used in calculating the parity payments for each participant should a

participant be over or under invested in the ITS. The load management system presently

used by OPC fits into this strategy very well. ArIy other demand side option will also be

useful for this purpose.
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5.0 GENERATION RELATED BENEFITS

Three generation nAated benefits assigned to battery storage when used for load leveling

are:

1.

2.

3.

battery storage MW capacity credit associated with displacing other

generation alternatives in the resource plan,

production cost savings associated with daily cycling (charge/discharge) of

batteries, and

dynamic benefits from reduced unit startup and shutdown to meet spinning

reserve and load following obligations.

These three benefits, as applicable to the OPC system in particular, are discussed in the

next three sections.

5.1 Generation Svstem Reliability Benefit on the OPC Svstem

Generation system reliability criteria used to determine the required installed generation

capacity consists of both deterministic and probabilistic criteria. This criteria varies from

utility to utility. Generally, deterministic reliability criteria may include:

o Percent MW Capacity Reserve

o Percent Mwh Energy Reserve (Adverse Hydro Condition)

o Combination of above
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Probabilistic criteria may include:

o LOLE (Imss of Imad Expectation)

o Expected Unserved Energy

o Fnxpency and Duration

Generally, in order for a battery to obtain credit and defer generation additions, a utility

must need new generation capacity in the time frame being studied. For example, batteries

cannot obtain capacity credit if a utility already has excess capacity installed, even though

batteries may further increase generation system d.iability. Also, in order to obtain

capacity cmdi~ batteries must meet the generation reliability criteria.

Batteries do not necessarily have to operate on a daily charge/discharge cycle to obtain

capacity credit. However, to provide this benefit batteries may need several hours of

storage. For example, assume a utility uses a deterministic percent reserve criteria, or a

basic LOLE criteria using only daily one-hour peak MW loads. Because batteries are

energy lirni~ it’s unlikely that a one hour battery will be acceptable when common sense

is applie~ although it may technically meet the reliability criteria.

The peak load forecast for the OPC system, with and without direct load control (DLC) is

shown in Table 5.1. As evident fkom this table, OPC needs additional capacity in the

future years, so if batteries are applied, then a capacity credit is certainly applicable.
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Year

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

TABLE 5.1

OGLETHORPE POWER COMPANY

LOAD FORECAST DATED MARCH 13,1991

Peak

Load

4,281

4,465

4,671

4,863

5,049

5,280

5,516

5,767

6,044

6,330

6,606

6,873

7,171

7,473

7,774

8,137

8,501

8,814

9,127

Annual

Energy

(GWH)

16,978

17,696

18,458

19,219

20,023

20,846

21,687

22,629

29,174

24,692

25,743

26,842

27,996

29,174

30,230

31,549

32,875

34,237

35,643

Peak MW Additional

With DLC Capaaty

(a)

3,936

4,102

4,289

4,462

4,630

4,843

5,060

5,293

5,551

5,819

6,076

6,324

6,604

6,887

7,169

7,514

7,860

8,154

8,449

Needa (NW)

158

156

297

(171)

37

298

564

849

1,165

1,515

1,963

2,303

2,838

3,185

3,515

4,000

4,424

4,837

5,237

The next question is to determine what capacity credit is applicable to the battery. In

pficiple, the capacity cmd.it or benefit will equal the lowest cost new generation

alternative, which is combustion turbine.
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As mentioned earlier, capacity credit may not be reasonable if the batteryhasjust one hour

of storage. A discharge rating such as one hourmay not be sufficient to avoid a new peak

or the need to purchase power in blocks 5 or 6 over the relatively long peak load period

However, the deterministic criteriaof 15%reserve is based on peak load only. Thus, only

the peak day load shape needs to be examined to determine the numberof hours of battery

capacity required to qualify for credit. Peak load shape for the year 1991 is shown in

Figure 5.1. Both the native load and the load after load management (direct load control)

are shown. Based on this load shape, the following hourratings are requiredto qualify for

capacity credit.
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FIGURE 5.1

PEAKDAY LOAD SHAPE WITH & W/O DIRECT LOAD CONTROL
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TABLE 5.2

PEAK ENERGY REQUIREMENTS WITH DIRECT LOAD CONTROL

Capacity (MW) Total

Discharge Hours MWH
Block Cumulative

Rating

60 60 2 120

next 4 64 4 136

next 44 108 5 356

next 69 177 6 770

TABLE 5.3

PEAK ENERGY REQUIREMENTS (WITHOUT DIRECT LOAD CONTROL)

Capacity (NW) Total

Discharge Hours MWH
Block Cumulative

Rating

7 7 1 7

next 18 25 2 43

next 14 39 3 85

next 48 87 4 277

next 52 139 5 527

next 36 175 6 743

The amount of load reduction due to load management is very much weather dependent.

There is also a saturation effect of load management, Thus, batte~ storage may

supplement DLC and also act as a reserve capacity.

The discharge hours shown in the above two tables are applicable only until the end of

1995. OPC is constructing a pumped storage hydro (PSH) facility with an in-service date

of late 1995 or early 1996. The weekly load shapes for both summer and winter are shown
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in Figures 5.2 and5.3 respectively. The PSH discharge and pumping shown in these figures

have been determined by using Production Costing Program, and hence, all restrictions and

economics have been enforced. The use of the PSH facility flattens the peak load to more

than 10 houm. Thus, any capacity credit fix a battery on the OPC system beyond 1996

requires a ten hour discharge rating. The MW capacity attributableto the battery will be

based on this discharge requirement. However, some credit is justified even for a 1 hour

battery. For instance, a 10 MW 1 hour battexycould provide 1 MW for 10 hours, and will

be given a 1 MW capacity credit.

1.“--””- NATIVE LOAD — WITH PSH I

PIGURE 5.2

WINTER WEEKLY LOAD SHAPE WITH & W/O PSH
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5.2 Production Co6t Satins

Production cost savings are generally determined by running a production cost program

over a period of time with and without batteries to determine the fuel savings associated

with charging and discharging the battery on a daily cycle. Batteries operating on a regular

daily charge/dischargecycle (10adleveling) will significantlyreduce system productioncost

if them is significant fuel cost diffixential between peak and off-peak load periods.

Production cost savings from batteryenergy storage is conditioned on:

1. A cost differential between on-peak and off-peak energy cost sufficient to cover

battery turn-around losses,

2. A modest peak load duration(several hours or less),

3. Good batterylife under cycling duty.
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The on-peak energy cost (usually the cost of burning oil or gas in combustion turbines) is

higher than the off-peak energy cost on the OPC system. Battery storage systems typically

have a turnaround effkiency of 70% to 80%. Hence, the ratio of the off-peak and on-peak

energy cost should be greater than 1.25 (assuming 80% efficiency) to nmdt in any

production cost savings.

5.2.1 Differential Cost of EnerW

OPC purchases a part of its power need from other utilities. The fmecast of cost of

purchased energy and corzespomiing ratio of on-peak to off-peak energy is shown in

Table 5.4.

TABLE 5.4

RATIO OF ON-PEAK TO OFF-PEAK PURCHASED ENERGY COST

YEAR ON-PEAK OFF-PEAK RATIO ‘

millskwh miliskwh

1992 70.15 20.93 3.4

1993 70.20 21.87 3.2

1994 84.05 19.28 4.4

1995 lM).62 17.78 5.7

1996 107.88 18.50 5.8

1997 115.61 19.31 6.0

1998 123.89 20.13 6.2

1999 132.76 20.97 6.3

2000 142.27 28.05 5.1

2001 149.97 29.35 5.1

2002 163.35 30.76 5.3

2003 173.03 32.27 5.4
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Assuming round trip battery efilciency of 75% (middle of 70%-80% range), ratio of on-

peak to off-peak energy cost of 1.33 is a break-even point. The ratios shown in the above

table am considerably higher than the break-evenpoint. Thus, the purchasedenergy cost

differential is very favorable. For example, for every kwh of discharge fim the battery,

the savings are

70.15- (20.93/0.75) = 42.24 millsbvh

using 1992 purchased energy costs.

Recognizing the big cost d.ifTemntialbetween peak and off-peak energy costs, OPC is

constructing a PSH facility due for commissioning in 1996. OPC’S sham of this PHS is

about 650 MW. The PSH will function similarly to the battery and a typical peak&y load

shape before and after the PSH use is shown in Figm 5.4. As discussed earlier, the final

load shape, after load management (this is seasonal) and PSH load leveling, becomes flat

for periods of 10 hours or longer. The available charging off-peak capacity and energy

which is economical also becomes limited. Thus, any potential credit due to capacity

-g reduction and peak energy savings throughbattexystorage is negligible for OPC.

5.3 S~inninp Reserve Benefits

Operating reserve criteria vary fmm utility to utility and NERC region to NERC region.

Operating reserve policy generally consists of on-line MW spiming reserve requirements

plus additionaloff-line quick startgenerationcapableof respondingwithin a specified time

period (10-30 minutes). Spinning reserve typically includes unused MW capability of

generatorsoperating at partial load to provide arearegulation plus additional on-line units

operated at partial load to cover sudden loss of genemtion.
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Since batteries have the capability to be quickly muted or changed from charging to

discharging in the millisecond time fkame, batteries can be used to supply the spinning

reserve requirement. The potential benefit will depend on the type of generation used for

spinning reseme.

Potential economic benefits from battery storage systems are expected to include:

o More efficient operation of units that would otherwise operate at partial load
to provide spinning reserve,

o Cost savings from not runninghigher cost units that would otherwise have
to operate to provide spinning reserve.
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Batteries would be expected to operate infrequently to supply MW spinning reserve

capability. It is also expected that batteries used for this application would only have to

operate until other generation could be started or purchased after sudden loss of a

generating unk Hence, batteries used for spinning reserve would probably not require

lsrge MWh storage capability.

The Southernsubregionhas adopteda policy of using 1.5 times the capability of the largest

in-service generating unit as a “target”Operating Reserve. Oglethmpe Power will be

responsible for a portionof the Southernsubregion“target”OperatingReserve proportional

to its responsibility for the Southernsubregion’s peak load.

The Southern subregion policy further stipulates that at least 50% of the Operating Reserve

must be Spinning Reserve to provide for normal regulating margin and a portion, more than

50%, of the loss of generation that would result from the most severe single contingency.

Based on the peak loads of Southern Company and OPC for the year 1991 and the largest

generating unit size of 1113.5 MW, the spinning reserve responsibility for OPC is 189

MW. OPC is using 200 MW as spinning reserve requirement.

Calculation of potential economic benefits associated with using batteries for spinning

reserve requires determination of expected costs resulting from operating Southern

CompanyandOPC generatingunits,with andwithoutspinningreserve xeqdrements shifted

to batteries. Unfortunately, in large systems of 30,000 MW plus capacity, small battery

storage installations of a few MW rating would show a very small or no change in the

production cost. The production cost diffenmce may be in the same range as the

confklence in the magnitudeof the total productioncost of the system. Besides, OPC may

anticipatea spinningmerve credit for Rocky MountainPumped StorageFacility especially

during pumping and other times, due to the hydro units fast startupcapability. Also, once

load management can be directly effected by Oglethorpe Power’s System Control

Operators, the interruptibleload can be credited towards Oglethorpe Power’s Operating

Reserve. Hence, no production costing simulations were made to determine the spinning
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reserve credit. For battery systems of a few MW rating on the OPC system, spinning

reserve credit may be considered negligible.

5.4 Other Generation Related Benefits

There are at least four more readily identMable benefits which may be attributableto

battery energy storage systems. They am:

.- reduced minimum load problems

-- provide ma and frequency regulation

-- reduce operating constraints

-- reduce deviations from economic dispatch

These benefits are sometimes referred to as “dynamic”benefits of battery storage.

Utility systems, with large base load units and a relatively low minimum load, experience

difficulty in dispatching during off peak hours. Economic dispatch, unit minimum load

limits and minimum down time requirements of base load units cause this problem.

Battezies maybe employed to mm economically solve these daily dispatchproblems. For

example, batteries may be ramped (from full charge to full discharge) at a high rate during

the morning load pick-up and ramped in the opposite direction during the evening load

drop-off period. In addition,charging batteriesat night can increase night generation levels

and reducing daily cycling constraints.

Batteries may only requhe one to two hours of storage to dieve unit ramping constraints

during morning pick-up and evening drop-off periods. However, several hours of energy

storage are required to relieve daily generation unit cycling constraints.
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Presently, OPC purchasesa partof its power needs from other utilities. This permits OPC

to schedule its resources andpurchasesaccording to its needs. Thus, there are no obvious

daily dispatch problems such as rampingor minimum load dispatch.

Anm and frequency regulation is anotherpotential batterybenefit. Battery power can be

quickly and smoothly changed from full charge to full discharge under control of an

automaticgenerationcontrol (AGC) or load frequencycontrol (LFC) system. A batteryis

thus an ideal device to performthe arearegulationfunction. A batterycan also relieve the

need to operate costly generationcapacity at less thanoptimum loadings. Another benefit

is reduced thermal stress on generating units responding to load variations. There is no

appreciable loss of life in a batterydue to rapidchanges in power.

Batteries would be expected to continuously shuttle between charging and discharging

modes on a minute-to-minute basis to perform this area regulation function. Hence

batteries used only for area regulation would need only modest MWh storage capability.

Also, batteries used for other purposes such as spinning nxerve and load leveling could

probably simultaneously provide some area regulation service.

The Southern Company area including OPC is dispatched as one =a. Thus, the area

control ma (ACE) for this large system may be in the range of 0-50 MW. Thus, a battery

storage system should be rated nearly 50 MW or higher to make significant economic

contributionto the arearegulationfunction. In addition,the location of this batterystorage

system should be easily accessible for dispatch by systems operations control center.

In conclusion, other generationrelated benefits are not signiilcant within the OPC system

at the present time.
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6.0 POTENTIAL TRANSMISSION BENEFITS

Battery storage systems, comected at advantageouslocations to a transmissionsystem, can

provide many benefits as discussed in Appendix A. Some or all of these benefits maybe

applicable to a given system based on actual system conditions. An evaluation of

transmission benefits applicable to the OPC transmission system has been performed

Some backgroundand the results of this evaluation are presented below.

6.1 Backzround on Battery T&D Benefits

A fair evaluation of T&D benefits of battery energy storage requires recognition that

Batteries do not fit conventional, deterministic,T&D planningcriteriawell. An open mind

is needed to recognize where a batterycan be advantageouslyapplied. There are definite

situations where a batteryis most likely to successfully displace other equipment. Some

or all of the following conditions are needed for a battery to accrue significant T&D

benefits:

● The battery can be located close to customers so that benefits at several
upstream voltage levels can be malia

● The substation or feeder load shape is not very flat so that:

The daily low-load period is low enough for the battery to be
rechtwged with a line or transformer out of service,

The peak duration is a few hours or less so that a large Mwh
capacity is not required,

● Right-of-Way (ROW) is costly or simply unavailable,

● Lines are long or heavily loaded so that losses are high,

● Voltage myylation is a problem so reducing feeder load or providing voltage
support is usefid,

26



Power Technologies, Inc.

● Lines are long, radial or highly exposed so that reliability is low,

● Special customer reliability needs exis~

● Blackstart or standby power is needed fm a limited amount of customer
lo~ and

● There is space available for the battery.

Where enough of these conditions are encouraging, a preliminary evaluation is warranted.

If T8zD planning studies to meet the expected load growth am complete, then the analysis

is straight-forwad. It includes several steps:

● detexmine the expected load level on the &y in which the T&D additions
are expected to be in place,

select a battery Kw and Kwh rating that will defer that load level for a
small integer number of years,

calculate the economic value of defening the T&D addition for that number
of years.

Repeat for larger integer numbers of years, taking into account these
possible limitations:

if a transformer is to be defe~ flattening the load shape with a

battery may not reduce transformer effective loading in proportion
to the reduction in the load peak (where transformers are routinely
overloaded during contingencies, maximum load is dictated by the
load profile).

load must be below equipment ratings at night long enough to allow
full reeharge of the battery.

27



Power Technologies, Inc.

6.2 Transmission Svstem Reliability Criteria

The need for new transmissionfacilities will be generally determinedby OPC transmission

planning engineers on a case by case basis, based on the evaluation of a number of

appropriatedesign contingencies. The objective of these transmissionplanning studies is

to provide a reliable system considering appropriateoutage criteria, risks and costs. The

OPC wsmission system is normally designed to meet or exceed the following basic

reliability criteria.

The basic transmission system reliability criteria for circuits 115 kV and above consists of

designing for a single contingency outage during the annual system peak. The basic

transmission system voltage criteria is to maintainvoltages above 95% of nominal during

normaloperatingconditions and above 90% of nominalduringa single contingency event.

6.3 New Transmission Proiects

In general, the primay purpose of OPC’S bulk power transmission system is to reliably

deliver power iiom local and remote generating units to the EMCS. Future mmsmission

systems must provide adequate capability to accommodate expected power purchases fim

remote generation sources, accommodate new generation projects, and to deliver that power

to EMC substations. New transmission additions am a function of both the generation or

resource expansion plan adopted by OPC and the need to provide reliable service to ams

of high load grOWth.

OPC keeps a currentProject Development Plan that is updated monthly. A recent plan

was furnished to PTI. Based on this information, a short list (Table 6.1) of future

transmission and substationprojects was prepared Procedures used to make this list are:

. . All released projectsare consideredto have begun and cannot be substituted
with, or defen-ed by, battery storage systems.

-- Only future projects with the expected startingdate of January1993 or later
can be considered to be candidates for possible cancellation or
postponement.
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TABLE 6.1

OGLHWRPE BAlTERYSlUR#3E STUDY
TRANSMISSK3N LINEW3UBSTAIONSPRQIECTSLIST

FORECASTmmsmwER ~ROJECT—
SUB N4hE PE # MVA VOLTAGE BLIIX3H ‘--—
—— ——

1. s.GRiFFIN
FoRsYrH

2 LLoYo-3H0AlS
S.GRIFHN

Slfuil ~N

198s cmTlmENcYovERmPn
&LOADGROWIH

ovERLaumG

GROWIH& 115KVUNE
LOADINGS

COmNGENcYovERLOAD

ovEFaOADNG

CONTINGENCYOVERLOAD
& LomGRWvrH

(XXWlt@ENcYovERMXD

8183 280 23W15KV

*
CwAJciu

awl 15KV

$9,1OO,OOO

a700,000

$7,735,000

$3,820,000

S3284,0m

$1,835,000

S1,781,000

8193

7882

3028

280

1s3

19843. BUWANEE

4. VIDAJJA

5. HINESVILLE

6. wmREtwON

8183

Sa57

8060

140

2s0

140

231Yl15Kv 1997

1885

199823wl15Kv

7. LPFAYE1l’E 2s0 23wl15Kv

11W5KV
ati2Kv
11525KV
25t12Kv

1888

1992

19s

8. UNDALE

9. PEOPLES
VALLEV

10. SLAPPNDR,

22.4
10.5
224
10.5

$1,350,000 LoAD GROWTH

280 1983

1993

1983

7997

8311

22.4 $274,000 LOAD GROWTH

12 KElTLEcfu( 280 23W115KV

For generic assessment of representative cases, judiciously placed batteries me consi&red

to provide a local power source near loads that can act as backup to existing transmission

facilities and thereby Awe the transmission redundancy required to meet OPC

transmission reliability criteria. The batteries am, effectively, floating on the system, but

are used to cover transmission outages. For this application, judiciously placed batteries

may pwide the desired transmission def~ benefit while at the same time providing

additional non site-specific generation system benefits. Based on the 12 projects listed in

Table 6.1, OPC selected two specific transformerprojects for fhrtherstudy. The results for

these two candidates for def~ are presented in this section.
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6.3.1 Vidalia 230/115 kV project

This project consists of installing a third 140 MVA, 230/1 15 kV transformerat Vidalia

substation. According to the pnxent f-as~ upon loss of one of the existing two

transformers,the remaining transformerwill be overloaded after the year 1997. Installation

of the third transformerat a budgeted cost of $3,620,000 is being planned for the year

1997.

The 230 kV and 115 kV tmnsmission lines comected to Vidalia substation iue shown in

Figure 6.1. The installationof a thirdtransformeris being planned as a backupto cover an

outage of the existing transformer,as per the deterministicplanning criteria.

The overloading of the second transformer occurs only during peak load conditions and if

an outage of a transformer occurs. If an alternative method of supplying the local load

during this peak and outage period is possible, then the overloading of the remaining

transformer can be avoided and hence the installation of the additional transformer can be

postponed. Even though transformers are highly reliable, any failure takes weeks to months

to Epair and bring them back to seMce. Thus, batteries should be sized so that they are

suitable to supply the peak load of the peak day of the year. The peak day load shape for

Vidalia substation is shown in Figure 6.2. Both the native load shape and load shape with

battery discharge are shown in this figure. Maximum possible peak shaving lo@ with

charging and discharging are included in this evaluation.
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A number of load flows with outages of Vidalia 230/1 15 kV transformer and the 230 kV

and 115 kV lines comected to the Vidalia substation were run for the year 2001. These

load flows showed that in the year 2001 the remaining transformer will be loaded to nearly

110% (156 NW) of its rating. Based on this information and the peak load curve of Figure

6.2, the battery storage nxyd.mment is determined. The requid battexy ratings are as

shown in Table 6.2. According to this table a 114 MWH, 7 hour discharge rated battay

is needed. The battery size required to meet load growth beyond year 2001 is impmctical.

As can be seen from Figure 6.2, there are not sufficient charge hours unless a larger KW

rating converter is used with the battery. Adding the third transformer may be postponed

for only 3 years with the proposed size of the battery. The battery may be placed on the

12 kV bus of the Vidalia substation, thus deferring some distribution transformer additions

also.

TABLE 6.2

VIDALIA BATTERY RATING REQUIREMENTS

ONE TRANSFORMER CAPACITY = 140,000 KVA

YEAR 1998 1999 2001

TransformerOverloadingKVA o 1,019 9,048 17,494
I%akLoadkW 133,919 140538 148J24 156,098
BatteryKW o 938 8324 16,098
BatteryPOW=(PU) 0.00 0.01 0.06 0.10
BatteryKWH o 4?228 51,419 114,472
BaaeryHrs o 5 6 7

Because the 230 kV and 115 kV transmission lines parallel each other, the battery output

will reduce only a part of the load on the 230/115 kV transformer.Through load flows it

was determined that 53% reduction in the transformerand 47% reduction in 115 kV lines

occurs for every MW of batteryoutput. Thus, the batteryrequirementsin Table 6.2 need

to be increased by 1.8. Hence, a batteryrated at 210 MWH, 7 hours discharge can defer

the installation of transformerfrom presently planned 1997 to year 2001.
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6.3.2 Wmenton 230/115 kV Proiect

This project involves several new construction parts. The main part is installation of a

second 140 MVA, 230/115 kV autotransformerat the Warrentonstation. The basis for the

second transformeris that the loss of Evans-Warrenton230 kV line will force the power

through the Warmmton230/115 kV transformer and causes overloading of the only

transformer.The total projected capital cost of this project is 4.7 million dollars out of

which the second transf~er costs $1,835,000 in 1991 dollars.

The 230 kV and 115 kV lines comected to Warrentonsubstationare shown in Figure 6.3.

The second transf~er is being planned to meet the &tenninistic planning criteri~ that

upon outage of Evans-Warrenton230 kV line the Warrenton 230/115 kV transformer

should not be overloaded. The line outage could occur on a peak&y during peak period.

Hence the battery (which is expected to reduce or eliminate the overload) should be

properly sized so that both discharging and charging can be made within a 24 hour period

so that the battery is available for the next day peak period. Based on this premise, the

peak day load shape, with and without the battery,is shown in Figure 6.4. All the charging

and discharging limitations are observed in plotting the modified (shown dotted) load

shape.

The battery rating requirements are shown in Table 6.3. These are based on peak load

forecast and the peakday load shape (Figure 6.4). For example, also shown in Table 6.3 for

the year 2001, a batteryof 33 MWH storage capacity with a maximum discharge rating of

10 MW is needed. However, there is another consideration in selecting the battery. As

shown in Figure 6.3, the 115 kV transmissionlines paraUelthe 230 kV transmissionlines.

Hence, out of eve~ MW of battery discharge, only part of this load relief goes to the

230/1 15 kV tmnsformer.By using load flow runs, it was determined thatfor every 10 MW

battery discharge at the 115 kV si& of the transformer,only 3.6 MVA or 36% relief in

loading is obtained for the 230/115 kV transformer.Hence, the batteryratings need to be

multiplied by a factor of 2.8 (= 1/3.6) to get the desired relief or divided by a factor of 2.8

to determine actual relief from a given batterysize. Thus, the final batteryratings selected

for evaluation is 218,~ KWH with 5 hour discharge rating.
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TABLE 6.3

WARRENTON BA’ITERY RATING REQUIREMENTS

ONE TRANSFORMER CAPACITY = 140,000 KVA

Transf.overloadingKVA 3313 5s333 7,174 9.036 10,920 12826 14,754 16,705
PeakI..ouIkW 14322144,906 146,600 148s13 150,046 151,800 153374 155369
BatteryKW 3,232 4,906 6,600 8,313 10,046 11,800 13374 15369
Battery~W~ @) 0.02 0.03 0.06 O.M ().07 ().08 o.~ 0.10
BanexyKWH 3,683 6,831 16,754 23,730 33,010 43,805 58S58 77,684
BatteryHrs 2 2 3“3 4 4 5 5
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6.4 Loss Reduction

Batteries can reduce transmission losses by shifting load ffom the peak period to the off-

peak period. This results from the square law that governs resistive losses. Reducing

transmission system loading during daily peak load times by discharging batteries nxluces

peak load losses by more than they me incxeased at night when the batteries are recharged.

The potential loss reduction benefit is reduced if batteries am used to defer transmission.

When transmission is deferred, it is possible for a high penetrationof batteries to actually

increase losses and incur a negative benefit. This can occur if the load shape is greatly

flattened by batteries, so that average transmission loading is very high. The levels of

battery penetration that are likely to be attractive in the foreseeable future will reduce

losses.
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If the proposed application nxpdres the batteryto be cycled frequently, consideration of

losses udl be mom importantthanin applicationswhere the batteriesare to be cycled only

occasionally, or where only small amounts of energy am involved. Of course, if the loss

benefits themselves are significan~ they should be a factor in determining the frequency

of cycling.

The location of the generation used to charge the batteries and the location of the

generation displaced when the batteries are discharged will each have a significant impact

on the relative magnitude of the peak and off-peak losses and the loss benefit.

The daily load shape on the local transmissionsystem in the vicinity of the battay may not

coincide with the native daily OPC load shape. When there is a difference, the batte~

cannot provide maximum loss reduction throughoutthe network. If the batterydischarge

patternis dictated by resource consi&ration associated with the system-wide peak, and the

local peak does not coincide with it, the local loss reduction will be modest. So Iong as

the local substation or fee&r peak falls within the system native load peak, loss reduction

will be high.

In battery storage applications where transmissionloss benefits am to be determin~ the

best available marginalgenerationcosts and correspondingmarginalloss factors should be

determined Although the daily load shapes fluctuate significantly, the hourly marginal

generation costs are relatively constant on a daily on-pealdoff-peak basis for the different

seasons. Thus, on the OPC system, relative cost of tmnsmission losses may be quickly

estimated using in=mental

nwrting to hourly production

on-pealdoff-peak

simulation.

transmission loss calculations, without

The two previously discussed battery applications for deferment of 230/115 kV

transformers would actually be used only aftercontingency. Thus, the numberof hoursthat

the battexy would be used in a year is small. Hence, any change in losses in the

transmission system is considered insignificant for the two cases evaluated here.
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69S Voltage Remdation

Regulation is the drop in voltage that occurs when load increases on the system. The

larger the voltage change, the poorer the regulation. For the same level of 1~ when

system impedance is high (the system is weak), regulation will be poor. Adding lines and

transformers can strengthen the system, but am a costly way to solve poor voltage

regulationproblems. Conventionalvoltage controldevices such as generatom,synchronous

condensers, switched capacitor banks, static var systems (SVS), and load tap changers on

transformers ‘regulate’ voltage and improve regulation. The voltage regulation response

times for the various voltage control devices am:

LTC 1 to 2 minutes

Capacitors 1 to 2 minutes

Generators 1 to 2 seconds

Condenser 1 to 2 seconds

Svs 0.1 to 0.2 seconds

The SVS is clearly the most effective because of its speed. An SVS consists of some

combination of thyristor switched shunt capacitors and thyristor controlled shunt reactors.

An SVS can respond to a drop in voltage before it becomes a problem for voltage-sensitive

equipment or before a person can see the voltage drop in the light output of fmtums.

Generators am often located too far fkom the load to be useful. Synchronous condensers

are no longer competitive compared to SVS. LTCS and switched capaciton are slow, but

are economical and very effective at combating slow changes in voltage, such as those

resulting from normal load variations.

Judiciously placed batteries can improve voltage regulation in two ways. One is by

supplying power locally when heavy transmission loading or transmission outages are the

cause of the low voltage. Increasing battery power to reduce line loading will improve

voltage. Each MW of battery power is equivalent to 2 to 3 Mvar of reactive power in

terms of its impact on voltage in heavily loaded systems.
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Batteries can also impmve voltage regulation through reactive supply from their

gate-turn-off (GTG) or similar power converters. The converters between the ac system

and the battery dc bus can be designed to behave like an SVS while charging or

discharging the battery. A modest incxease in converter rating, over thatmquimdto supply

Ml batterypower, is necessary to supply resctive power during charging or discharging

eon. For ex~ple, ~ 11 MVA convem on a 10 MW batterycan provi& Upto 4.6

Mvar of capacitive or inductive reactive power while operating at 10 MW, The reactive

power is also continuously variable and controllable with a voltage regulator. The extra

1 MVA of convertercapacity thus provides the sane dynamic range as a 9.2 MVAR SVS.

Because most SVSS provide primarilycapacitive reactive power, a 4.6 Mvar capacitor is

requiredto make the converter fully comparableto an SVS. However, even with the cost

of the capacitor, and recognizing that GTO based converters m mm costly (per MVA)

than thyxistorbased SVS, the battery converter is a very economical alternative to SVS

capacity.

There were no specific and imminent shunt capacitor or SVS installation projects selected

for the analysis. However, them is potential for battery storage to defer T&D projects as

well as eliminate shunt capacitor by supplying reactive power. Hence, a generic example

is shown hem to illustrate computation of voltage benefits tiom voltage regulation

capability of batteries.

Consider a 10 MW batterywith additional 1 Mvarof convertercapacity. This is equivalent

to 4.6 Mvar of switched shunt capacitcnxor 9.2 Mvar of SVS capacity.

The installed cost for new conventional capacitor banks at the transmission voltage level

may be about $33.00/kvsr. SVS is estimated to cost three times as much or about

$100/kwar. Both numbersare reasonable, though some utilities are finding actual costs of

conventional capacitor banks to be up to 50% higher where land costs am high. The

$100/kvar number for SVS is fa relatively Isrge SVS. Costs can be much higher for

smaller size SVS.
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A 10 MW battery is likely to have a converter cost of about $150/kVA if utility battery

volume picks up (today the numberis $20WCVA). Assuming that the incrementalcost of

converter capacity is 2/3 of this overall $/kVA cos~ an incrementalkVA would cost about

$100. As described above, adding an additionalMVA of converter capacity will provide

4.6 Mvar of capacitive mictive power (more at reduced MW output) at a cost of about

$100,000 (Appendix B). The cost of 4,600 bar from a 10 MW batteryconverter is thus

about $22 per kvar. Cost comparison of battery converter, shunt capacitor and SVS is

shown in Table 6.4. The battery converter thus appears economically competitive

($20.WJWW savings) with switched shunt capacitors installed at the transmission level.

TABLE 6.4

COST COMPARISON OF BA’ITERY CONVERTER,

SHUNT CAPACITOR & SVS

Type cost Size Capital Total Net PV

($IKVAR) (KVAR) cost Net PV (*VA)
n

Shunt Capacitor I 33 I 4,600 I $151#00 I 265351 I 58

Battery Converter I 22 I 4,600 I $lol#o I 177,034 I 38

Svs I 100 I 9@0 I $920,000 I 1,609,401 I 175

Note: (a) Economic Parametersas in Table 8.1

(b) PV - Present Value

6.6 DamRing

Batteries are especially adept at providing system damping. Batteries can respond

instantaneously to control signals with no measurable wear and tear. The control signal

to improve system damping can be derived from the frequency of the voltage at the battery

terminals. The only limitation is that the battery must be within the ‘sending’ or

‘receiving’ system to provide darnping.
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6.6.1 Backmmnd

Power systems are like large spring-mass systems. The generator and turbine rotors are

the masses, and the networkis the spring. Every generatorand eve~ group of generators

will have a naturalfrequency at which it will oscillate against the remainderof the network

when perturbed. These natural frequencies me usually in the range of 0.2 to 2 Hz.

Unfortunately, the~ is ‘noise’ in the system such as customers switching loads, pulsating

loads, generatortrips, line faults and line tripsthatexcite these oscillations. At oscillation

Iiequencies above about 1 Hz “arnortisseurtorques” in the generator usually provide

enough dampingto cause oscillations to decay quickly (within 5 to 10 seconds). However,

below 1 Hz excitation systems may provide enough negative damping to overcome

damping from amortisseursand cause oscillations to grow. This is especially likely when

a system is stressed by high transfersor loss of a line. Fast response excitation systems,

or newer static systems thatinherentlyprovidefast response, aremuch more prone to cause

negative darnpingthanstandarddesigns. They areoften installed as replacementsfor older

ailing or high maintenance systems, on utility generators to solve first-swing stability

problems, or on QF, IPP and cogeneration plants because of low maintenanceand modest

. fret-cost.

If negative damping from excitation systems exceeds positive damping from amortisseurs

at any naturalfrequency underany system condition (e.g., duringline outages), oscillations

will occur. Governors, turbines, and customer loads also affect damping somewhat,

especially when the natural frequency is below about 0.5 Hz. Oscillations may gmw

without bound until loss of synchronism occurs or they may Each some magnitude and

stay at that level for an extended period of time. Both consequences are unacceptable.

To help combat the problem of poor or negative damping, stabilizers are placed on the

excitation systems of larger generators. Stabilizers modulate excitation so as to produce

a component of generator power that is in phase with generator speed, and thus provide

damping. Stabilizereffectiveness depends on the response characteristicsof the excitation

system. A well tuned stabilizerwill usually overcome the negative dampingcaused by the

excitation system on which it is installed. It will help compensate for other generators

without stabilizers only if the excitation system on which it is located is of the “high initial
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response” type and has a datively high ceiling voltage. A stabilizer can provide a

component of positive damping power from about 1% to 5% of the generator rating,

depending on the excitation system performance.

Excitation systems contributemore negative dampingas power transfersincrease, but first-

swing stability, steady state stability and thermal limits also come into play. However,

multiple interconnections have made first-swing and thermal limits less limiting than

darnpingin many systems. This occurs in part because multiple interconmxtions allow

each line to be loaded mom heavily, and heavy loading, through high =ctiVe IOSWS,

causes excitation systems to contribute more,negative damping.

Darnping problems commonly fall into two categories. One is oscillations between a single

plant and the remainder of the system. Usually, loss of one of the lines serving the plant

puts the plant in an unstable condition. The other is oscillations between groups of

machines. Oscillations between groups of machines are usually labeled as ‘area’ or

‘regional’ damping problems. The oscillations involving a single plant are usually in the

0.8 to 1.3 Hz range, while area or regional oscillations are usuidly in the 0.2 to 0.8 Hz

range.

6.6.2 Damuim?in the Odethome Svstem

In planning and operating the Oglethorp system the engineers must deal with both single

plant damping and area or regional damping. The Shenx plant is a good example of the

single plant damping problem. Until recently, there were just two 500 kV lines serving the

planL so loss of either one significantly incnxses the impedance between the plant and the

system and degraded damping. With the recent addition of the Ohara-Sherer 500 kV line

there may still be a damping (or dynamic stability) problem. Computer results am showing

inter-mea (i.e. Alabama-Georgia, Georgia-Flori@ etc.) oscillations at 0.7 Hertz due to

faults at Sherer. The Power System Stabilizer (PSS) at Votgle was placed in-service, and

the PSS for Farley units #l-2 were retuned to provide more positive damping. It is also

possible that generators on other surrounding systems may contribute to the darnping
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problem. ‘he system data and outside equivalents are being reviewed Consideration is

being given to making the outside equivalents larger which may help the problem.

Though system study models rarely portraythe damping of such modes accurately,

do confirm their existence. Also, the fact that they exist and can be troublesome is

recognized throughoutthe US.

they

well

6.6.3 Battery Contributionto Danming

While stabilizersam usually able to controloscillations, incmsing numbersof aggressively

tuned stabilizers arerequiredas transfersincrease. Having enough stabilizers and keeping

enough of them operating to keep oscillations under control is difficult. Stabilizers are

costly and are a fairly high maintenance item, Hence any help from batteries would be

very useful, especially if the stabilizer can be a simple device integrated with the battery

controls.

Batteries can contribute to damping if they are equipped with a stabilizer and if they are

located in a portion of the system in which generators experience measurable rotor speed

oscillations when plant or inter-areaoscillations occur. Such rotor speed oscillations exist

at the extremes of two oscillating areas, and we zero at the ‘electrical center’ of the two.

The oscillations will also be largest in the smallerof the two systems (the magnitudeof the

oscillation is inversely proportionalto the inertia of the area or plant). In the case of a

single generating plant oscillating against the ‘outside world’ the oscillations at the plant

will be large, while the ‘world’ oscillations will be vety small. In the case of two areas

such as Florida oscillating against the remainderof the Southeast, the Florida oscillations

will be large and the oscillations in the remainderof the Southeast will be small.

A generatorstabilizer provides damping by incnxsing generatorrotor flux when generator

speed is high to increase generatorpower, and dtxxeasing flux to reduce generatorpower

when speed is low. A battery nearby provides damping by being modulated so that it

absorbs power when the speed of local generators is high and supplies power when the

speed of local generators is low. Because the frequency of the voltage in an ama follows
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closely the speed of local generators,the system frequency at the batterylocation provides

the information needed to modulate the batterypower.

The battery thus needs to be near a plant or group of generators in a ‘sending system’ or

within the mzeiving system. It also will be most efftitive if it is in the smaller of the two

oscillating areas.

The batterypower can be modulated to provide damping regadless of the power level or

direction of power level in the battery at the time the oscillations occur. If the battery is

floating, the output will alternate between the charge and discharge regions, and average

battery output will remain zero. If the battery is operating at a high charge or discharge

level, the average power will move toward zero. If oscillations axe large, the average may

go to zero as the stabilizer causes batterypower to cycle between its charge and discharge

limits.

Because a stabilizer on a generator can provide damping power of just a few percent of

generator rating, a battery of, for instance, 2 MW, modulated fully (4 MW peak to peak),

can provide as much damping as a stabilizer on a generator rated 100 to 200 MVA.

Beyond this, because a battery is essentially solid state and less subject to control

oscillations than a generator, the stabilizer gain can be high and can contribute more to

damping of modest oscillations (that would otherwise not drive the battery to ceiling) than

can a generator stabilizer.

While the stabilizer is responding to a disturbance it will reduce

when the battery is initially operating at maximum discharge rate.

at lower discharge levels, and nonexistent when the battery is

average battery power

The effect will be less

floating (operating at

zero MW). Likewise, there will be a momentary reduction in the charge rate when the

battery is initially operating in the charge ngion. This occurs when the stabilizer drives

the battery between its maximum discharge and charge limits. With battery output

essentkdly a squarewave, the average power is zero. This effect is essential if the battery

is to make a majorcontributionto dampingunderall batteryoperatingconditions. Because
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the change in battery power or charge level is temporary, lasting only 10 to 30 seconds or

less, it should not pment operating problems.

6.6.4 Battmv Contributionto DamI)inEon the Odethome Svstem

In a system such as that covering Georgia, with generating plants distributedacross the

system, batteries will provide useful damping wherever they am located However, the

value will be low unless the battery is located with or close to a generator or group of

generatorsthat exhibit troublesome oscillations.

The oscillations between Georgia and Florida exhibit large oscillations only in Florida.

Hence a battery in Georgia will contribute”little to this mode. Any trmblesome mode

within Georgia is not readily available.
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7.0 POTENTIAL SUBTRANSMISSION AND DISTRIBUTION

SYSTEM BENEFITS

7.1 Subtransrnission System

The subtransmissionsystem (less than 115 kv) within the OPC delivers power to the EMC

substations. The EMCShave the responsibilityto deliver the power tkomthese substations

to the ultimate customer. The subtransmissionlines and/or distributionlines seining the

EMC substations include 115 kV, 69 kV, 46 kV, 25 kV and 12 kV lines.

h the OPC system there are approximately twenty-four 115 kV and46 kV subtransmission

lines which are radial and supply EMC substations. Whenever there is an outage of one

of these radial subtransmission lines, the customer loads experience an interruption.

Batteries located at the low side of these substations can provide multiple benefits,

including

-. increased diability (back up power some)
-. second line deferral benefits
-- transformer defenal benefits
-- voltage regulation
-- reduction of losses

7.2 Backuu Source Reliabilh Credit for Batterv Stora~e

A batteryis a ‘local source’ and thus is not dependent on upstream components as are, for

instance, the transmission or distribution lines. The battery is, in effect, an independent

source of power (temporary or backup) and thus may make a more signiilcant contribution

to reliability than its outage rate and duration statistics would seem to indicate. It is an

independent source becau~ it is not part of a series string of devices, and one of which can

cause an outage or reduced capacity. However, the benefit a battery can provide as a

backup source depends upon three factors:
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1. Battery availability and reliability

2. Outage or interruptionof load experience (or expectation)

3. Value or cost of the load interruption.

These three factors are discussed in the following.

7.2.1 Batten Availability

Unlike transformers, transmission and

“available”just because they are on-line.

distribution lines, batteries are not necessarily

Generally, batteriesneed to be in a charged state,

and have a speciilc energy storage capability to be considtxed reliable backup to various

T&D facilities. A batterythatis normally dischargedto 20% of capacity can be discharged

to 90 or 100% in an emergency. It may be able to supply energy for the time needed for

switching actions to restore or re-configure lines and transformers to carry the fill

substation lo@ and thus may provide useful backup to T8zD equipment.

A probabilistic reliability assessment may be needed to fully recognize a battery’s

contributionto reliability. Utilities still depend heavily on deterministic criteri~ and thus

may have dMcuhy measuring the reliability at a substation load served in part fkom a

battery. The contribution a battery can make in meeting utility distribution reliability

criteria has not been analyzed A simple approachto batteryavailability will be used hem.

7.2.2 Value or Cost of Internmtion

The interruptioncost or value of seMce (VOS) data is considered to be suitable to relate

the worth of service reliability to the cost of seMce. The value of semice or outage costs

depends upon type of loaL fkquency and duration of interruption and timing of the

intmuption. However, some of these costs have a wide range. The cost range for one

hour interruptionhas been reported in the literature.A sample of such costs is shown in
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Table 7.1. ‘Ile interruption cost data are nprted in the literatwe for farming type loads.l

In a parallel study on dispersed generation benefits, a survey of chicken farm owners in the

Habersham EMC (Hollywood substation) axea was conducted. In this survey it was

established that $14.8 per KWH is VOS or outage COSLThis same cost will be used for

Habersham EMC’S poultry and egg farm loads.

Because the EMC customers are pndominantly residential type, followed by commercial

and industrial, an average residential outage cost of $2.50 per KWH will be used for

transmissionlevel deferral application.

TABLE 7.1

VALUE OF SERVICE OR OUTAGE COST FOR

ONE HOUR INTERRUPTION

I $KWH Not Served

Low High

Residential 0.05 5.(K)

Industrial* 2.00 53.00

Commercial* 2.CUI 35.00

Pouhry & Eggsl 0.12 5.68

7.3 Habersham Hollvwood Metering Point #8 Substation

This metering point is served by two 115 kV lines from Tallulah and Clarksville. There is

one 115/12 kV, 10,500 KVA transformerat this substation.At presen~ them arefive, thxee-

phase 12 kV circuits emanating from this substation. Circuits W and #2 serve the area

1 G. WalkerandR Billinton,“FsnnLossesResultingtim Electic ServiceInterruptions- A Cansdian
Survey,”IEEETrsnssctionson PowerSystems,Vol.4, No.2, May1989,pp 472478.

2 A.P.Sanghviet d, “PowerSystemReliabilityPlsnningPracticesin NorthAmerica”,IEEE
Trsnssaionson PowerSystems,Vol.6, No.4, Nov.1991,w 1485-1492.
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generaUy northof the substation.Circuit#3 seines the area generally east and southeast of

the metering point. This circuit has a TV station load and a county water pump house load.

A batteryof suitable size located near these loads can provide improved reliability to these

large power loads. Circuit #4 serves the mea generally west of the metering point. Cimuit

#5 serves the ama generally to tbe northwest of the substation. This feeder (New Liberty)

has the highest numberof chicken farms. Power supply interruptionto these chicken farm

loads can result in substantialloss to their owners. Hence, there is an active consideration

of using diesel generators as backuppower source. The feasibility and economics of diesel

generators are being evaluated througha separatestudy. The role of batteries for providing

the backup service and deferment of distributionfacilities is evaluated in this study.

7.3.1 Deferment of Substation TransformerReplacement

Load on this circuit (ma) is expected to grow at a rate of about 3.4% per year. The

existing transformer of 10,500 kVA can serve the load up to year 1998. By then a

replacement or an addition is required.If batteriesare installed at the substationor near the

loads, the batteries can be used to peak shave the loads whenever the total coincident load

exceeds the transformercapacity. A typical peak day charge/discharge load profile is shown

in Figure 7.1. The battery rating required to defer the addition and/or replace the

transformeris shown in Table 7.2. The selected batteryis 7,5oo KW and 5 hours discharge

rating.

TABLE 7.2

HABERSHAM HOLLYWOOD METERING POINT #8

BA’ITERY RATING REQUIREMENTS

EXISTING TRANSFORMER CAPACITY 10~00 KVA

YEAR 1999 2001 2X)3

ForecastPeakLoadkW 9,837 10,171 10517 10,874 11*
BatteryKW 177 511 857 1214 1384
BatteryKWH 327 1,105 2J87 4,094 6,658
BatteryHrs 2 3 3 4 5
Cycles/Yr 1 8 10 12 32
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Based on the values in Table 7.1, a maximum of 1500 kW of load growth for this ama can

be served withoutreplacing the existing transfomneror addinganothertransformer.Because

the peak load is experienced only a few times in a year (Figure 7.2), the batteryis called

on to discharge only these few instances. As shown in Table 7.1, the load on the

transformerin the early years is exceeded only a few times a year and increased as the load

growth occurs. By the year 2003, on 32 days (mostly duringthe summer), the battexycould

be used to limit the transformerloading. Also, the batteryis expected to be in the discharge

mode for about 8 hours. Based on these two factors, it appears that 7500 kWH battery

storage is nearly the penetration limi~ as far as the transf-er defment is concerned.

Assuming this size of battery application, a transformeraddition can be postponed up to

5 yearn. If the batteries are not installa then the most likely action would be to add

anothertransformerof 20500 kW capacity at an estimated cost of $300,000 (1991 dollars).

7.3.2 hsses

Regarding losses on the 115 kV lines, the Hollywood substation load is about 7% of the

line flow. Further, batteryreduces the peak substationdemand by 15% (Table 7.2) in the

year 2003. Peak line flow is reduced by about 1% only. After year 2003 the transformer

can no longer be deferred. Hence, cost of loss reduction is not si-leant in this case. If

the batteries are located near the loads, ratherthan in the substation, then them is reduced

losses on the 12 kV feeders. Because actual locations are indeftite, the reduction in loss

are difficult to compute.

7.3.3 BtWkUDPower SUDDIY Credit

The outage data for Habersham #8, Hollywood diminution substation am as shown in

Table 7.3 fm the period January 1, 1986 through November 1, 1991. The availability of

a battery to serve as backup will depend on alternative functions it may serve.

If a battery is on a single radial feeder, so that the battery must be available to continue

saving the load whenever the outage occurs, then the battery must remain fully charged

whenever the critical load is on the system.
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The longest outage seen at this substation, during the last 5 years, is 21 minutes. The

outage experience downstream at the customer premises may be longer. Assuming an

outage duration of 1 hour, the value of service credit is estimated to be $14.78/KWH (from

stwey of Habersham chicken farm customers in another companion EMU study). At a first

glance, this edit may appear to be high. However, a single outage of 1 hour or longer can

result in

Because

a loss of $300,000 to a chicken farm with a peak load of 500 kVA.

there is no demand charge for these chicken farm load customem, them is no

demand charge credit to the battery storage.

TABLE 7.3

OUTAGE STATISTICS SWARY

Hollywood Lanes Bridge Planters Egypt

No. of outa&s in 2130 &yS 4 4 7

Frequencyof outages(Occ.per yr) 0.685 0.685 1.2

AverageDuration(Min.) 11.5 361.5 109.7

Probabilityof Outage 0.(KIO015 0.00047 0.00025

LongestOutage(M@ 21 1133 267

7.4 Satilla EMC Meterinv Point #12 Lanes Bridge Substation

This metering point is served by a radial 46 kV line from Baxley Substation. Baxley

Substation has three 115 kV lines tim three different substations. The outage data for

Lanes Bridge Substation for the reported period Jan. 1, 1986 through Nov. 1, 1991 are

shown in Table 7.3.

Even though them have been only four outages in nearly 6 years, Lanes Bridge Substation

experienced one long outage lasting 6 hours, probably due to an ice storm. Adding a

battery at this substation and/or customer locations will provik b~~p Power suPPIY.
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7.4.1 Deferment of Substation Transformer

The load on this substation is growing at about 2% per year. At this rate, the existing

transformercapacity will exeeed its rating of 7000 kVA in the year 1997. Battery energy

storage could be used to supply the load whenever the transformer is fully loaded.

Transfmmerper unit loading with and witbout a batteryis shown in Figure 7.3. The batte~

storage mcpirements through the years 1997 to 2001 are shown in Table 7.4. The battery

use in terms of cycles per year axe also shown in this table, based on the relative daily

peaks for this substation (Figure 7.4). For example, in the year 2001, the batteries are

projeeted to be used on 47 days to limit the loading on the transformer.Based on these

load profiles, a battery storage rating of 9000 kWH and 6 hours will be able to defer

adding new or replaeing the existing transformerby 5 years.

TABLE 7.4

SATILLA #12 EMC

BA~ERY RATING REQUIREMENTS

EXISTING TRANSFORMER CAPACITY 7000 KVA

YEAR W97

I%ecast PeakLoadkW 6,840
BatteryKW 40
BatteryKWH 92
BatteryHrs 3
Cycles/Yr 1
SelectedBatteryRating

1998 1999

6,797 7,130 7,480
357 690 1,040

1,021 29% 5,042

3 5 5

2 17 33

9000 KWH, 6 Hour battery

2001

7,846
1,406
7986

6

47

52



Power Technologies, ~C.

1’

:

~ o.8- “
!................ .. .................. ................+.

~

0.6-

0.5-”

o.4~ !
4 8 12 16 20 24

HOURS

I — NATIVE LOAD ---- W/BAllERY I

FIGURE 7.3

SUMMER PEAKDAY LOAD SHAPE - SATILLA LANESBRIDGE SUBSTATION

l-: iii
:: ..Lt......LJ.......i.......o.9i : ; : : : ‘+-.--.f-}........................... ........ ........... ......

0.4-I :
030(

. . . . .. . . ., . . ,,

60 90 120 l!iO 180 210 240 270 300 330 360 3
DAYS

[— NOV 25,90-24,91

FIGURE 7.4

0

DAILY PEAK LOAD - SATILLA LANESBRIDGE SUBSTATION

53



Power Technologies, Inc.

7.s ~ t Substation

This substationis fd througha long 46 kV radial line traversing swamp mea.

Because of swampy terrain,when outages occur, relatively longer time is needed to repair

and restore the line back into service. This line has experienced 7 outages in the last 70

months with the longest outage lasting over 4 JIours(Table 7.3). The seven outages are

almost twice as many as Hollywood Substation.Effort is being made to improve the right-

of-way and clearances to reduce the numberof outages.

7.5.1 Deferment of 46/12 kV transformer

The load in the Planters #19 Egypt Substationis projected to grow at a rate of about 5%

for the fmt year of this study, 2% for the second year and 1% for subsequent years. The

existing 46/12 kV transformerhas a capacity of 5250 MVA. The existing ~sfo~er iS

sufficient to serve the projected load up to the year 2005. By then if the batteries are in

place, then the transformeraddition can be postponed. The summer peak day load shape

with and without a batteryis shown in Figure 7.5. The daily peaks are shown in Figure 7.6.

As can be seen from this figure, the 1991 annual peak occurred in winter. However, the

winter peak occumd for only a 4-day period with sharp peaks and low energy content. The

summer peak day load shapes am relatively flat and peak energy requirements are higher

than the winter peak days. Hence, the battery energy capacity must be determinedby using

the summer peak &y load shape. The numberof cycles used per year will be fairly small.

Because existing distribution transformer capacity is sufficient for over 10 years;

distribution related benefit is considered to be zero.
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7.5.2 Another Sumdv Source

Providing a second fd into the Egypt Substationwill reduce the numberand durationof

outages experienced by customem served by Egypt Substation. Several alternatives are

available, namely, upgradingthe 46 kV line to 115 kV, addinganother46 kV line or taping

a nearby Guyton-Newington 230 kV line (owned by SavannahElectric Power Co.) via a

230/46 kV transformer.Upgradingfrom 46 kV to 115 kV is the prefemd alternative.The

estimated cost of this alternativeis $5,339,510. This alternativewill be used to determine

cost savings Iiom deferment due to batteryinstallation.

In order for the battery storage to truly qualify as a substitute second source (in place of

a 115 kV line), the batterykW rating should be equal to or greaterthan the forecast peak

load (4841 kW in year 2001 from Table 7.4) and the longest outage experienced in the last

6 years (4 hours and 27 minutes from Table 7.2). A minimum rating of 22,000 kWH and

4 hours rating for the batterywill meet these requirements.
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800 BENEFITS - COST COMPARISON

The results of a benefit to cost comparisonfor the five batterystorage applicationsto defw

transmissionand distributionprojects are presentedin this section. The methodology used

for benefit to cost comparison is essentially based on calculating the present worth of all

the annual cost savings/benefits accruing due to the battery application, compared to the

annual cost of owning and operating the correspondingbatteryplant.

Only four major benefits due to battery storage application are considered. They am:

o Generation capacity

o Transmissiondeferment

o Distribution deferment

o Value of service or cost of outage.

8.1 Basis

The battery storage identified in this study is mostly in the form of a backup or reserve

source. It is not used in the general sense of load leveling. As stated in the end of Section

5.1, a generation capacity @W) credit based on a 10 hour discharge rating is applicable.

The battery KW (based on 10 hour discharge rating) is essentially a generation reserve

soume. This may not be needed at the peak load condition. However, if a probabilistic

generation reliability criteria (such as loss of load expectation - LOLE), is use~ most of

the contribution to the LOLE is during the peak load months. Hence a 10 hour discharge

rating is used so that even if this mexve is called upon during the annual peak load

condition, the battery will be in a position to provide the power @W) equal to the credit

it has received for the longest peak load period of 10 hours. Thus, for example, a 10 MW,

1 hour battery will be given a credit of 1 MW.
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The cost of the batterytit is based on the least expensive generation alternative,which

is a combustion turbine.A base cost of $526/KW (in 1991 do~) is US~ for MS tit.

The annualcost savings fimmavoiding the investment in this generation is credited to the
.

battery.

The transmission credit is basically computed on the basis of the cost of deferring the

project. The actual capital cost expenditureis considered to be postponed by a numberof

years. The annual cost savings due to the postponement is credited to the batterybenefits.

The distribution benefits are also calculated similarly.

The fourth and last benefit computed in this studyis the value of service or cost of outages.

The actual cost or value of service used in this study is discussed in Section 7.2. For each

of the five candi&tes of battery application analyzed in this study, it is assumed that the

total amountof energy not served or KWH interruptedper year is equal to the total battery

KWH rating. This means that,on the average, the sum of energy supplied to the customers

by the batteryduring the interruptionsover a period of one year is equal to its total energy

rating. The implication of this assumption will be discussed later.

The economic parametersused in computing the annualcost and net present value (NPV)

are shown in Table 8.1.

TABLE 8.1

GENERALECONOMICPARAMETERS

Interest Rate = 7.71 ‘%0

O&M = 250940
Insurance = 0.11’70
Ad Val Tax = 0.74%
Plant Life (Years) = 30
Escalation Rate = 4.50’%
Discount Rate = 7.70?40
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The battery storage system costs assumed for base cases are shown in Table 8.2

TABLE 8.2

BATIERY STORAGE COSTS FOR BASE CASES

Eetimated Battety Capital Cost $yC#twh(1993)
Battery Salvage Value
Battery Shelf tife(Years) 15
Battefy O&M 0.25’%
Estimated Battery Replacement Cost $112 /kwh(1993)
Estimated PC+BOP Capital Cost $200 /kw(1993)
Escalation Rate 4.50’XO

For the battery alone a different life is used than for the entire battery storage plant. The

O&M used is 0.25% of the capital cost. Amortizing the capital cost is levelized over the

plant life. All other costs axe escalated at the rate shown in Table 8.1. The salvage value

ofthe batterycells is included in computingthe Ievelized annualcost. The cost of replacing

the battexyis calculated fret, and its percentof cost ~duction due to salvage is determined.

The present worth of the cost nxluction is computed and subtractedfrom the capital cost

of the battery. The muhing cost is amortizedover the life of the battery to compute the

annualcost of the battery.The replacementcost of batterycells is included as needed. The

converter and balance of plant am assumed to have a 30 year life and no salvage value.

8.2 Summary of Five Amlication Cases

Benefit to cost ratio for battery application at five different locations for T&D &fennent

have been computed. The results are summarizedin Table 8.3.

The benefit to cost ratio of Habersham EMC Meter Point #8 (Hollywood substation) is

greater than 1. The next best benefit to cost is at Planters ##l (Egypt substation). The

remaining three are ranked as Satilla #12 Lanes Bridge substation, Vidalia and Warrentown.

The detailed Esults for each case are presented in the next few sections.
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TABLE 8.3

SUMMARY OF N= PRESENT VALUE

LOCATION — .—..

BENEFIT ITEMS HOLLYWOOD EGYPT SAmu VIDALIA WARRENTON

GENERATION $667,972 $1,959,365 $801,566
TRANSMISSION 3,677$?00
DISTRIBUTION 206,603 0 206,603
BACK-UP SOURCE

CREDIT 2,056,127 1,953,778 41720
—. .——

TOTAL SAVINGS 2,932,702 7,590,363 1,425,369

BATIERY COST 1,966,781 6,022,418 2@l ,083

BENEFIT/COST 1.49 126 0.62

BATIERY SIZE
7,500 22,000 9,000

HOURS 5 4 6

$19,326,656 $19,415,719
1,432,366 1g63,723

206,603 0

9,635,678 10,106,005
———~- —e—.. —.

30,601,303 30,785,447

54,051,315 57,167,755

0.57 0.54

217,000 218,000
7 5

8.2.1 Habersham#8 Hollvwood

The detailed economic analysis for a batteryapplication at this location is shown in Table

8.4. The benefit to cost ratio, as shown at the bottom of the table, is 1.49 and is the highest

of the five applications investigated. The generationcapacity (reserve) benefit is calculated

for 750 KW (7500 + 10 hours). There is no transmission deferral hem. The distribution

deferment avoids adding a second transformer.By placing batteries further down in the

distribution system, additional benefits (deferment, loss reduction, shunt capacitor credi~

etc.) may be possible. However, these are expected to be a smaller percentage of the total

benefits and are more difficult to determine with reasonable accuracy. Hence, these are

ignored.

In termsof benefits, the value of seMce [costed at $15.45per KWH (1993)] accounts for

70% of the total benefi~ followed by generationcapacity credit and distributiondefemnent.

The back-up source or value of source benefit alone is sufilcient to pay for the estimated

battery costs.
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TABLEa4

ESTIMATED VMIJEff BENEH7S AND BATIERYCOSTS
r-m

HmERsmMatKx.L~

~ EATTERYSRE= 7,500 KwH ; 5HRS

McKuP/ NEr Mt-wl
~NUAL SAVIN~ RELMBILIV mM VMUE WOIERY

GENEIWDN~ DISTRIBUTION - SAVINGS M(WH CC6T

1987 61.6Q2 o
0
0
0
0

36,973
=,425

W,897
37WI
37,907

la183
144,401
1s!893
157,690
164,786

236,758
243-

250,382
258,113
267,608

31
32
33
s
33

37
w
38
41
42

36
40
41
43
44

46
48
50
62
54

s
58
m
63
66

66
71
74
77
80

174,048
174,845

175,677
175,648
ln,467

178,407
178,400
160,438
161,=
162656

183,M0
165,078
186,371
187,722
188,1s

63,166
64,031
64,915

2002
2003
m
2UX

65,839
66,804
67,812
66W
68,868

36,447
39,010
38,588
40215
40,8W

172#201
179,850
188,048
196,510
205,353

0
0
0
0
0

276,487
265,765
285,460
S,681
316,173

285,713
296,572
307,920
319,n8
am

2m7
mm
2009
2Q1O
2011

2012
2013

71,119
72,321
73,578
74,892
76284

214,5Q4
224s1
234,342
244,888
256,907

nsm
78,197
80,764
82,400
84,111

267,423
279,457

345,1=
358,6E6
3R738
367,576
403,018

S36,m
306,751
308,237

308,7ul
311,413
313,108
314,881
316,733

318,666
32Q,681
322804
325,013
327,321

2015
2016

2017
2018
2019
2020
2W?I

305,174
318,807

66,688

87,786
89,718
91,757
W,888

333,a8
348,255
363,926
380,303
=7,416

419,156
43,021
453,644
472060
481=

S,116
98,444

10Q875
ICB,418
106,074

415,300
433,968
453,518
473,827
495,2s3

511,416
a432
554,394
m#344
6olm

2024
m
2026

NET P.V.
(1993$)

—— ——
667$72 0 206,603 Z058,127 2SEJ02 381 1,s,761

vakofunWnmfl Enalgy
Eaimthtmfycqitdctxl
Ba18fysdWQBvahm
Ba&WyS71dfLifa(Yama)
~ 0&M

. $15.46 IkWh(1993)

. $140 nWh(19m)

.

. 15

. 025%
. $112 Ikwqlms)
. $alo kw(18q
- $61%742 ($l,8e7)

(m8n
- s3m,o% ($1,887)
- $lm146 ($1,997)

. ($1,s97)
= $1?%= (s2012)

Ea6mamdPcA%iw&piralcQat
(a)Gmamtm“ capitalDaffamd
(b)Tmmniadm capitalDatfalad
(c)CxmibulimCap&dDaf&ad
Esahakdsamrycapitaicoat
E&@adPcs480Pcapitalcoat
Ixmatadmna#y Rad==nmtm
Eshak3dBaltarj2nil~t- -
E@w4mt93Year LifeCoat . $zcQ Aikww83)

$1,006 kw(1883)
BENEFITCOST RATlo 1.48
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Because the base case showed positive benefits, several sensitivity cases we~ run. The

results of these sensitivity cases are summarized in Table 8.5.

TABLE 8.5

RESULTS OF SENSITMIY ANALYSIS <

WERSI-MM #8 HOLLYWOOD

BAllERY SIZE 75LM KWli ; 5 HOURS

BATIERY CosT($kwt)
Pcs+aoP COST($KW)
EATERYSHELF UFE(YRS)
SALVAGEVALUE
VALUEOF UNSERVED
ENERGY($KWH)
DISTRIBUTI(X4BENEHIS(WS)

BENEFITCOSTRAno

BASEME CASE-1 WE-2 CA3H CASE4 CASE+ CASE-8 WE-7
.— —— ——

$140 $223

15 10 10
20% 40?? 4%0

$15.45 $825 $825
10 30 30

1.49 1 127 1.42 1.88 1 1.58 0.76

NOTE ~LY CHANGEDVALUES ARE SHOW OTHER VALUS WE AS WE CASE

Detailed estimated benefits = contained in Appendix F. In the first case, (Case-l), it is

shown that the battery’s cost c8n be as high w $223/KWH (1993), which is about ~%

higher than the base case, fm the value of benefitsto equal the cost of battery storage. In

the second case, the converter and balance of plant (PCS + BOP) cost was doubled to

$400/KWH (1993) and this reduced the benefit to cost ratio from 1.49 to 1.27. These two

sensitivity cases show that the battery cells cost has a higher effect on the overall cost as

compared to the converter and other costs.
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In the thirdcase, the batterylife was reduced to 10 years iiom 15 years. This means two

battery replacements am included in this case-3 as compared to only one battery

replacement in the base case. The benefit to cost ratio decreased from 1.49 to 1.42 which

is not a substantialreduction. Thus, there may be economic advantages in improving the

cycle life of lead acid batteries, but the shelf life is not significant as compared to the

batterycost itself.

In the fourth case, the salvage value was doubled fkom 20%. Surprisingly, the benefit to

cost ratio increased to 1.68. This may be partly explained by the escalation used in

computing replacement battery cost. Essentially, the salvage part of the battery cost is

escalated by 4.5% because at the end of battery life, the trade-in value of the battery is

assumed to be equal to the salvage percentage of the new batte~ cost.

The fti sensitivity case involved the value of seMce or backup source cxedit. As noted

earlier, this item contributedmost to the batterybenefits. Hence, the question is how low

can this value of service be for the breakeven cost. As shown in Table 8.5, for this cost

$8.25/KWH (1S93) the benefits and cost of batteryaxe bmikeven. The $8.25 per KWH is

fairly close to $5.68/KWH in Table 7.1.

In the sixth sensitivity case, the distributionbenefits were extended to 30 years. The base

case showed the distributiontransformerdefexmentfor 10 years only. Because the battery

can be moved to anotherlocation, similardisrnbutionbenefits may continue to accrue. This

case shows an increased benefit to cost ratio of 1.58. The cost of moving the battery and

any change in value of service are not recognized in this case.

The seventh case consists of taking a pessimistic approachand the cost components are a

combination of all the sensitivity values used in the earlier 6 cases. Only salvage value and

disrnbution benefits are positive assumptions. As expecd the benefit to cost mtio

deaeased to 0.76.
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Based on the base case and the sensitivity cases, a range of 0.75 (low) -1.68 (high) for the

benefit to cost ratio has been calculated for Habersham#8 Hollywood substation.

8.2.2 Planters W Emmt Substation

The estimated value of benefits due to battery storage and the batterycosts are presented

in Table 8.6. The benefit to cost ratio is 1.26 fdr base case assumptions. This is the second

highest benefit to cost ratio of the five applications evaluated in this study. The largest

benefit is tim transmission deferral. The second largest benefit is horn the generation

reserve credit and the third benefit is the credit for value of unserved energy or backup

source. The distributionrelated benefits are not included in this table. As mentioned earlier,

Egypt substation is sewed by a radial 46 kV limeand it traverses swampy right-of-way.

Hence, any outage andrepairmay take longer thanthe typical outage to restore power. The

outage history shows the average outage durationto be almost 2 hours (Table 7.2). The

frequency of outages has been 1.2 occurrencesper year. The value of service for residential

customers ranges from $0.02 to $5.00 for one hour intenuption (Table 7.1). Based on

longer outage duration and higher kquency of outages the highest residential cost of

outage of $5.00/KWH was used in this case.

The transmission deferral was assumed to be good fm 10 years. Beyond ten years, the load

in the ama may be sufficiently higher to requhe a new or second transmission line. The

time horizon for transmission plans is about 10 years, beyond which the picture becomes

unclear.

Two sensitivity cases wem run for the Egypt substation. The first case was to determine

the value of service (or cost of outage) which makes the sum of the benefits to be

breakeven with cost.
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TA8LE 8.6

ESTIMATEDVAIUE OF SENEFITSAND SAllERY STORAGEWSTS

PM4TERS #8 EGYPT

ASSUMEDSAllERY ~ 22!OOOKWH; 4 tOIJRs

sAoK-uP/ NH A14NUAL
—ANNUAL 6AVlNG~ RELIABILIY TOTAl VALUE WIERY

YEAR GENERATION TRAMMISSION DISTRIBUTION OREDIT SAVINGS &KWli M
—— ——

1887
1888
1999
ZOoo
ml

2002
2oa3
2004
2006

2007
2QM
2W8
2010
2011

2012
2013
2014
2015
2016

2017
2018
2019
2020
2021

!2022

2024
2025
2Q26

1s0,688
182$71
186,345
187,626
160,416

193,127
195,956
188,917
202,006
205239

206,615
212,143
215,830
219,662
223,706

227,916
232,312
236,906
241,707
246,725

251,966
257,446
263,172
268,155
275,407

al,941
28s,766
285,903
303358
311,151

Mom
64M01
666,713
665,503
674,669

684,266
694,316
704,801
715,765
727202

0 131,177 =126
o 137,080 .*866,362
o 143248 E65m
o 149,686 l,oa3,023
o 156,431 1,021,538

NH P.V. 1,859,385 3,677200 0
(1893$)

valueofUrlsarvadEnafgy
Eaumateds6ualyOa@talcaat
SaltalySalvagavalue
Satfafyshelf Llfa(%am)
sallalyO&M
Ea6maWSattefy R@acemnt Ccd
EslimatadPGsOPcapitalc08t
(a)GanamtionOapitaJDafferad
(b)TrammWonoapnalDeffamd
(c)DisbllxlliulCa@talDetfeti
EdmatadSattalycapnalCost
Ea61natadPOS+SOPOa@tdcost
~XR~~
Eahatad Sattary2ndR@acemntOoal
Equivalent30 Yaar LilaCM

.
6

.

.

.

.

163,470 1,040,685
170,627 l,081,1a3
178?514 1,082231
186,847 1,104310

184,842 1,127,382

2CG,714 412=

212,861 425,CQ4

2ZA461 436290
232,471 462,164
24@33 468,641

461,760
265288 487,W1
277227 514,133
288,702 531,409
302,736 648,463

316262 Es6@9
330#588 568,044
345,475 606,646
361,021 830,176
377267 652$74

394244 676,165
411,885 700,753

430!524 726,428
448,886 753257

470,143 761284

43
44
45
46
46

47
46
48
50
51

19
19
al
21
21

z
a
a
24
25

26
27
28
a
m

31
3?
33
34
36

536,085
53s!563
641,141
543,636
646.651

549,594
552$68
555,882
558JM0
~749

566,416
670247
574J?52
578,436
5sz8fJ9

916,073
820,144
924,369
628,645
933,481

938,346
943,420
94s,722
954J?6.3

366,104
972#27
978,034
885,939
693,154

—— ——
1,983,m 7J5S0,363 345 6,022)416

$5.00 kwtl (1993)
$140 ncwh(1993)

20%
15

025%
$112 kWh(1983)

$200 /t&W63)
$lmgm ($1987)
$5!338510 ($1,997)

($1,687)
S?& ($1,987)
$1,311,m ($1,997)
$5,666s6 mo12)

ml MMl(18Q3)
6842 /kw(1863)
126BENEFiT/OOSTRATIO
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At value of seMce $ l.00/KWH and all the othervalues being the same, this mtio was 1.0.

The detailed results tim this analysis are included in Appendix F (Table F8). The second

sensitivity case involved extending the transmissionbenefit to 30 years upon the premise

that battery can be moved to another location when transmission can not be deferred

anymore. The benefit to cost ratio in this case turned out to be 1.8, assuming the same

amount of deferred credit is available. Because the ratio is ~ater than unity, even if the

T&D benefit in the later years is less than in the earlier years, the benefit maybe higher

than the cost incurred. Thus, the battery storage at Egypt substation shows beneficial

application potential and may be considered as a serious candidate for demonstration.

8.2.3 Sattila #12 Lanes Bridge

The batterystorage as studied for this location is sized to defer the distributiontransformer

by 10 years. The calculated bnefit to cost ratio is 0.62 (Table 8.7) which is much smaller

thanthe two previously discussed locations. The largest benefit is tim generationcapacity

reserve (900 KW) cndit. The backup source credit is next highest with the distribution

transformerdeferment credit being the least.

Because Satilla #12 Lanes Bridge is a small substation serving mostly residential

customers. average value of seMce of $2.50/KWH (iII 19% doll~) from TableT.1>W~

assumedA sensitivity case (TableF1O,AppendixF) indicati thatat $8.oo~ (in 1993

dollars) for value of service, the benefit to cost ratio is unity. As shown in Table 7.2,

average outage duration in the last 5 years is about 6 hours. Hence, a higher value of

service credit than indicated in Table 7.1 may be applicable. If such high backup source

credit can be justifi~ then Lanes Bridge could be a candidate for battery energy storage

application.

8.2.4 Vidalia

The main reason for considering battery storage at this location is to defer installation of

an additional 140 MVA, 230/1 15 kV transformer.As discussed in Section 7.0, because of

parallel 115 kV lines, a rather large battery storage is needed to reduce overload on the

existing transformers.The benefit to cost ratio is

capacity benefit (for 21.7 NW’) being the largest.

benefit.

66

0.57 (Table 8.8) with generation reserve

Back-up source mdit is the next largest



power Technologies, hC.

TABLE a7

=MATED VALUEW 8ENEITR3AND MITERY~ COSTS
FOR

siATILIA#12 IANEs SFUDGE

mMEDsAllERYsRE . 9,000 KwN ; 6-

BAcKllP/ NH ANNUAL
~NUALSAVIN~ RELIMILTY TOTAL VALUE RmrEKY
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— — —

1997
1=
1s2s
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74#52
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0
0
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37,391
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TASLJE8.6
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An average value of $2.50/KWH was u- because multiple 230 kV and 115 kV lines are

comected to this substation.Hence, longer interruptionsm expected to be rare and also

infnquent.

Maximum defemal of an additional tmnsfmer is only 5 years with this battery size.

Hence, the defefient benefit is not ve~ high. The batterymaybe placed at a lower voltage

(46 kV or below) location thus postponing some distribution transformer addition or

replacement. Here it was assumed that at least one such defermentis possible for a period

of 10 years. This was the smallest calculated benefit. By placing smaller sized batteries

considerably mom distributionbenefit may ~ possible.

Again two sensitivity cases were run. The fmt case assumed a higher value of service of

$8.60/KWH (1993 dollars) to give a breakevenbenefit to cost ratio (TableF11, Appendix

F). Any higher backupsource creditneeds to be justified from threeprincipalfactors (alone

or in combination). They are type of customer load, durationof interruptionand frequency

of interruption.In the economic evaluation, the number of outages multiplied by their

durationper year (i.e., when batterystorage is called upon in one year on the average as

a backup soume) is assumed to be equal to the battery energy rating. The second case

extended the T&D benefits to 30 years, and the benefit to cost ratio increased to 0.63 only

(Table F12, Appendix F).

8.2.5 Wamenton

This is a second transmission/transformer deferment candidate considered in this study. The

battery energy (KWH) storage is almost the same as Vidali& but would require a faster

discharge rate. Hence, the converter costs are higher in this case as compamd to Vidalia.

The benefit to cost ratio was calculated to be 0.54 (Table 8.9) which is the lowest of the

five cases. The generationbenefits wexe the highest, followed by back-upsource credit and

transmission credit. As in the case of Vidalia, them are multiple 230 kV and 115 kV

transmission lines serving Warrenton station. Because 230 kV and 115 kV lines are

parallele& a rather large capacity battery is needed. The transformeraddition could be

postponed at most only 10 years.
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There is no obvious distributiondeferment. However, several smaller size batteries could

be located in order to obtain deferment of distributionfacilities and equipment.

Again two sensitivity cases were run. Increasing backup source credit to $9.4WKWH (in

1993 dollars) made the benefit to cost ratio to be unity (’TableF13, Appendix F). Extending

the transmissionbenefits to 30 years, incnmsedthe benefit to cost ratio to 0.56 (ikom0.54).
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APPENDIX A

BENEFITS OF BATTERY STORAGE

Battery potential benefits that battery attributesand control capability can provide are

described in this appendix. Thexe are two considerationsto be kept in mind in evaluating

the potential benefits of batteries:

Battery storage systems are different horn other power generation and transmission

facilities.

presently

attributes

They are even quite diffemmt from the forms of energy storage that are

in use (compressed air and pumped hydro). The unique terms and

of battery storage systems are described in Appendix B. Brief

descriptions of battery energy storage system controls and hardware are given in

Appendix C. The unique attributes and control capability need to be considered

when evaluating them as an alternative to other power generation and T&D

equipment.

Battery storage systems may not be able to provide all of the benefits listed below

at the same time. Some of them are what has been termed “mutually exclusive. ”

That is, if credit is taken for one benefit, some others may not qualify for credit.

For instance, if a battery is used to defer a T&D equipment, some of the reduction

in losses it can provide will be lost because the average loading of the existing lines

will increase. However, some apparently mutually exclusive benefits may be less

mutually exclusive than they at first appear. For instance, if two potential benefits

do not each require the battery at the same time, or during the same season, then

perhaps the battery can provide both. Further, there may be times when a battery

can provide only one of two benefits, but at times one is more valuable, and at

other times the other is more valuable. When this is the case, a battery may not

fully provide either benefit, but will be of more value that either alone would

indicate. In this situation, operators would decide on a day to day or hour to hour

basis just how the battery should best be used. This kind of shared battery use is

difficult to evaluate without a detailed year-long chronological simulation, but may
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be important to a fair evaluation. Other examples of mutual exclusivity are listed

in Appendix D.

The potential benefits include:

Generation - batteries can provide spinning reserve, load following, area regulation, and
load leveling or peak shaving to:

Defer generating By storing energy at night and releasing it during peak load times,

capacity batteries can Educe generation requirements. The spinning
reserve and area and frequency regulation applications described
below also contribute to a reduced generation requirement.

Reduce Batteries can be charged at night when energy costs are low, and

production cost discharged during the day when costs are high. Batteries may
also be charged from off-system purchases during off-peak hours.

Provide spinru”ng Each utility in a pool has an obligation to have a certain amount

reserve of generation on-line over and above the fo~casted load so that

sufficient generation is available to meet load when a generating
unit trips. Because there is more generation on-line than load,
some units are operated at less than their full capacity. Ramping

rate also enters into the pie-. Batteries can sit efficiently at

zero output and be activated quickly and automatically when

nee~ so it can provide spinning reserve at far less operating

cost than a spinning generator. Generating units capable of

providing spinning reserve can also be operated at their most

efficient power level rather than at a lower power level when a

batteryprovides spinning reserve.

Provide area and Each utility in a pool has an obligation to follow its own load to

frequency prevent tie line loading from deviating significantly from

scheduled interchanges. Doing so also keeps frequency constant.
regtiah.on

When deviations fkom schedule do occur, each utility must correct
and “net out” those deviations within 10 minutes. This usually
means having highly responsive generating units well operating
below maximum capability, or far from their most efficient
operating points, equal to as much as 3% of the system load
operating in a regulating mode. Using batteries to follow load
allows generation to be operated in its most efficient manner.
The generation would need to be maneuvered only enough to

A-2



Power Technologies, Inc.

keep the battery charged to 70 to 80% of its capacity so it can
handle both increases and decreases in load.

Reduce operah”ng Utilities often have limitations such as generators that can’t be
Constraints and cycl~ generators that are costly to cycle, generators whose

m“nl”rnurnload loading can’t be changed quickly and rapid load changes.
Solutions include leaving units on-line around the clock and

problems, and
starting combustion turbines or starting cycled units ahead of the

reduce plant load. Batteries can follow load and level the load to reduce
O&M costs cycling.

Transmission & Distribution - batteries can serve load peaks and respond quickly to:

Defer lines and Transmission and distribution systems am planned to carry the

transjorrners system peak load with one or mo~ lines or transformers out of

service. The T&D investment is ~duced when batteries are used

to store energy during off-peak hours and serve the load during

the &ytime peak. Overall this could save $100 to $200 per kW

of lo@ but the savings can be much greater if batteries are
placed judiciously where T&D costs are high. Some utilities have

locations whexe T&D costs are several times the system-wide

$100 to $200 per kW number. Batteries do not need to be cycled
to qualify for this benefit, but they do need to be at least charged
and ready to cover a T&D equipment outage should it occur
during peak load.

Reduce line

losses

Because line losses are about four times higher during peak load
hours than they are during off peak hours, charging batteries at
night and discharging them during the day will reduce T&D

losses from their usual 5 to 8% by 0.5% to 1.0%when the battery
is operating. A battery which is cycled daily or almost daily
provides signWcantloss nxluction benefit.

Regulate voltage Batteries can improve voltage regulation in two ways. One is by
supplying active power to customem and thereby reducing the
loading on the network. The second is by supplying reactive
power to the network. Battery power converters can readily be
designed to supply active and reactive power. If the converter is
designed to a power factor rating like a generator, it will be
capable of supplying both active and reactive power at the same
time. The converter is capable of responding to voltage

A-3



Power Technologies, Inc.

excumions much more quickly than a generator, thus provides
excellent voltage control.

Increase trarqfers Batteries can respond quickly to controls or operators to improve
voltage stability, first-swing stability, and steady state oscillatory
stability, and thereby increase transfers in stability limited
systems. Batteries can improve voltage stability by supplying
both active and reactive power when a system is hit by a

contingency which threatens voltage stability. Batteries can
improve first-swing stability by quickly injecting power into a
decelerating system or absorbing power from an accelerating
system immediately following fault clearing. Battery power can
also be modulated by a power system stabilizer to provide system
darnping.

Environmental benefits include:

Reduced air Batteries can reduce air emissions by storing energy from low

emissions emission plants at night, and supplying load during the day so
high emission plants can be operated at lower output or left off-
line. Because batteries have virtually no emissions themselves,
they are ideal for this purpose. Battery turn-around losses (about
20%) need to be recognized as there will be emissions associated
with them.

Improved urban Urban air quality can be improved by importing power from

air quality remote plants at night and storing it in batteries for use the next
day.

A-4



Power Technologies, Inc.

Reduced Batteries located near customers, and cycled to level the load, will

electromagnetic reduce the high daytime curmt in transmission lines. This, in

jiekil
turn, will reduce the magnetic fields. Charging the batteries at
night will increase the current in lines at night. However, the
reduction in the high current during the day may be more
beneficial than the increase in low night currents is harmful.

Reduce land

reqw”rementsfor

T&D and

generation

Use of land for electric utility equipment is a sensitive subject
today. To the extent batteries can defer generation and T&D
equipment without using a lot of land themselves, batteries may
help where land simply isn’t available for lines and generating
plants.

Strategic – batteries can reduce the risk of high, unnecessary system investments through:

Acting as an any- Batteries may be able to store energy from various sources to
Fuel source help cover contingencies such as a nuclear moratorium or other

major upset in fuel supply.

Hedge to avoid Batteries can be a hedge to avoid unneeded investment in T&D

unneeded facilities or generating plants. Because a battery can be installed

investment
quickly, and can later be moved, it allows a wait-and-see attitude
toward high load growth.

Means to serve Because of low environmental irnpac~ batteries can be installed

diflcult to reach anywhere them is space for them. They thus may provide service

load
to growing load that cannot be quickly reached by overhead lines
or cables.

Other -- batteries can provide other miscellaneous benefits such as:

Power quality Batteries are, in effect, a ‘local’ power source independent of the
T&D system. They can thus ride through temporary T&Ds ystem
outages like an Uninterruptible power supply (UPS). The
converter on a battery can also regulate voltage, thereby
improving power quality fhrther.
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Reliabili~ Batteries can supply load fix up to several hours, and thus can not

(Bac@p source) only act as a UPS, but can also carry critical loads through
outages lasting several hours.

Black start Batteries can operate independently of the grid, and thus can
startup and carry critical loads following outages. Transformers,
subtransmission and distribution lines can be energized. Motors
can be started. A battery might be used to help startup a

generating plant that normally requires power horn the grid for
startup.

System rnd?ling Batteries can be modulated to excite low level system oscillations
and provide very usefid informationon system stability. This can
improve analytical studies used to set transfer limits.

Take advantage Batteries may help utilities that both buy and sell energy. To the

of energy buy-sell extent that such transactions can be scheduled ahead of time, a

battery could serve this purpose when it is not needed for on-
opportunities

system services.

Customer-side-of-the-meter applications -- ffom the customer perspective, batteries might
provide:

Demand lirru”ting Most utilities impose demand charges on larger customers to
cover the cost of T&l) and generating equipment needed to serve
short-duration peaks. These customers could use batteries to
control their 30 minute demand and avoid

Reliability Some customers could make use of

(Backup source) installations in much the same way they
diesel generators for smaller loads.

these penalties.

utility type battery
use UPS systems or
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APPENDIX B

TERMS, ATTRIBUTES, AND OTHER

Attrz”buk

h ‘attribute’ is a characteristic of batteries that can be used to advantage by an elecrnc
utility. Energy storage, fast response, site flexibility, and unattended operation are
examples.

Bene$t

A battery energy storage ‘benefit’ is a monetary, strategic, or societal benefit of placing a
battery on the utility grid. Benefits include deferred or avoided generation or T&D

equipment investments, reduaxl losses, improved reliabtity, lower spinning reserve costs,

and more efficient operation of generation.

Application

An ‘application’ is a battery of specific size and in a specific location. It is a ‘good’
application if the benefits exceed battery cost.

Ratings

Batteries have two key ratings. One is the power rating (kW or MlV). It is the maximum
power that the battery can provide for an extended period during the discharge part of its
cycle. The power rating is dictated by the lowest continuous rating among the components
that make up the system: the cells, the busbars, the converter, or the converter transformer.
In an optimized design all components will have about the same continuous capability.
However, the converter is usually the most limiting device and the one with the least
margin. While cell life will be reduced somewhat when a battery is operated above its
power rating, GTOS in the converter may fail at a power level as little as 10% above their
rating. The converter controls are thus designed to prevent converter overloading.

The maximum continuous charge power level is dictated by the same considerations, and
is thus usually the same as the power rating. Note, however, that in practice the charge
rate may be lower than the rating to increase battery life if low-cost energy is available
over a period stilcient to fully charge the battery at the lower rate.

The second battery mting is its energy storage rating (kWh or MWh). The storage rating
is the energy that the battery can provide to the system during a normal continuous
discharge. In current designs the energy rating is usually 80% of the energy the battery
could provide if discharged fully. The energy rating is solely a function of the individual
cell ratings and the number of cell strings in parallel. The battery energy rating can be
increased by adding parallel strings of cells.
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The batteries produced to date have not been given an overload rating. However, batteries,
buswor~ transformed, and circuit breakers tolerate some overload. Though a converter

cannot be significantly overloti a convertercould be oversized to take advantageof the
overload capability of other components.

KWh Capac@ Versus Dischaqe Rate

The types of cells utilized in utility energy storage am special designs, and do not have a
standardized capacity rating based on a certain discharge time such as 20 hours. Such a
rating would be of little use in any event in the kinds of applications we are considering.
BUL more irnportan~ is that the amount of energy that can be extracted from a charged
battery varies with the discharge time. For instance, in a spinning reserve application we
may discharge a battery fully in one hour, while in a T&I) deferral or load leveling
application we may discharge the same battery over a 4 hour period. In the one-hour
discharge we may only get 60 to 80% of the MWh that we could get from a four-hour
discharge. The battery discharge characteristics thus need to be considered in specifying
the battery, and in costing the battery in cost-benefit studies.

Cell Types

Two types of lead-acid cells axe in use. The one first used in utility energy storage
applications is the ‘flooded’ cell. It is typically 14 to 18 inches squaxeand 24 to 30 inches
tall. It has a vent on the top covered by a filter so that only hydrogen escapes from the
battery. The SouthernCaliforniaEdison installation uses flooded cells, as will the 20 MW
battery to be commissioned in Puerto Rico in 1993.

The second type is the ‘sealed’ or “valve regulated” lead acid battery (sometimes called
VRLA for yalve &gulated lead ~cid). In this design gelled electrolyte is normally used and
contained in a sealed plastic case.

Cycle

The normal ‘load-leveling’ cycle for a battery is a diurnal one in which the battery is

charged at night and discharged to follow load during the day. In most load-leveling
applications, batteries will be cycled only on weekdays. In spinning reserve applications
there will be no mgula.r charge-discharge cycle. In some special applications multiple
shallow chargedischarge cycles may occur over periods of minutes or hours.

Cycle Depth

Batteries can be cycled daily to ‘shift’ load fkom peak hours to off-peak hours. However,
because battery life is reduced as the depth of discharge is increased, them is an optimum
depth of discharge for each application. The optimum depth occurs where the incremental

benefit of load-leveling equals the cost of incremental battery loss of life. Though the

relationship of the depth of discharge and life loss is not very well known, current practice

with flooded cells is to limit the depth of discharge to 80% of the full batterycapacity (the
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battery rated capacity may be defined as the capacity that can be used regularly while
achieving a stated battery life).

Sealed batteriespresentlyappearto have a shorterlife thanflooded cells for the same depth
of discharge. New designs may close this difference in performance between the two
types. Of course, sealed batteriesrequireless maintenance,and this may offset the shorter
life. If the reduced life is a constraintfor sealed batteries, the sealed types may have an
advantage where cycling is inilequent or only partial cycles are needed, and spinning
reserve or other uses are the primaryfunction.

In some applications there will be value to the ability to discharge a battery filly. The cell
capacity that remains after a normal-depth discharge may be used for spinning reserve or

to backup transmission or distribution equipment. Manufacturers indicate that flooded cells
can be discharged fully on occasion without significant loss of life. Sealed or valve
regulated batteries may eventually have this capability. To achieve full discharge, the
power converter must be capable of operating at the end-of-discharge battery voltage.

Life

The life of lead-acid batteries in utility service is not yet well known. Accelerated life tests

indicate the life may be as low as five years or as much as 15 to 20 years depending on

the application and the type of battery. Life will be at the low end of this range where the
battery is cycled frequently and where the depth of discharge is high (Cycle Life, i.e.,

useful life dependent on number of cycles). It will be near the high end where the battery
is essentially in standby sefice (Shelf Life, i.e., useful life dependent on the age of the

battery).

Rapid Cycling

There are two benefits that batteries can provide that wdl require the battery to be cycled

more than once per &y. One is ~uency regulation and the other is tie line control or

area control error (ACE) corrections. Frequency regulation will require many shallow

cycles lasting only seconds or minutes. Tie line control cycles will be of modest depth,

and will typically last 5 or 10 minutes. These cycles may be in addition to a normal
diurnal storage cycle.

Batteries are likely to be useful for frequency regulation only in systems of modest size

whexv variations in customer load axe large compared to the total on-line generation. In
these systems fkequency will vary from second to second and minute to minute unless one
or more generators axe assigned to tightly control frequency. This kind of duty on

generators reduces plant equipment life and increases maintenance. And, even the fastest
plants may have difllculty following loa~ and some utilities do not attempt to regulate
frequency tightly because of the cost. Batteries can provide very rapid nxponse to load
changes. When called upon to do so fxxquently (dozens of times each day), the frequent,
shallow cycling will nixiuce battery life somewhat.
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Large intemonnected systems inherently control frequency well. Even the largest customer
load variations are small compared to the mass of many turbine-generator rotors, and thus
will not measurably change frequency. However, in these systems each utility has a
responsibility of limiting variations in tie flow, or correcting variations quickly when they
do occur. Tie flow variations can result ibm variations in customer load or unscheduled
changes in the loading of generating plants. Batteries may provide a significant benefit by
taking over the load following task from generators.

Response

A battery system can also be moved almost instantaneously from one operating point to
another within its real and reactive operating range shown in Figure B-1. In addition, it
can conn”nuoudy move about its operating region in response to a stabilizer or voltage
regulator.

Fast response makes the battery a candidate to
.

● Respond rapidly to generation shortages or transmission overload (via
control signals from control center software or operators),

● Provide LFC or Area Regulation (via control signals from control center
software),

● Tightly regulate voltage for the benefit of nearby customers or a larger load
are&

● Regulate voltage for improved voltage stability in areas with little
generation,

● Provi& a darnping component of power to raise transfer limits imposed by
dynamic stability,

In supplying reactive power to control voltage, the battery system is competing directly
with Static Var Systems (SVSS) and generators. The battery system has an advantage over
generators in that generators can rarely be sited where voltage control is needed, while
batteries are very likely to be sited in areas needing voltage control. A battery system also
responds much more quickly to system voltage changes that a generator can.

The reactive capability of a battery system converter is quite similar to that of an SVS.
More information on this is in the next section.
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Major Components

A battery system consists
components are the battery

APPENDIX C

HARDWARE AND CONTROL

of several components as shown in Figure C-1. The key
and the power conversion unit (mnverter).

The batteryconsists of parallel ‘strings’of cells connected in series. Each cell is nominally
1.2 volts, and a stringmaybe from a few hundredvolts up to about 20W volts. The Chino
battery, capable of 10 MW, operates at 2000 volts. The string voltage is selected to
minimize converter and busworkcosts. Convertercosts dominate the selection, however,
with the optimum design being a function of the available

CONVERTER
TRANSFORMERS

DC BUSWORK \ %

1.2VOLT
CELLS

thyristor voltage and current

CIRCUIT
BREAKERS

\

STATION

r-+

II \r

BUS

Figure C-1 A battery system consists of several major components.

ratings. Each cell is fis~ and each suing is iised The fuse at the cell protects against
faults within the string, and the string fuse protects against faults outside the string. The
string fuse and the individual batteryfuses are coordinatedso thatthe string fuse will open
before batteryfuses open when a fault external to the string occurs.

The converterconsists of a combinationmxifier and inverterand a transf~er. When the
batteryis being charg~ the converterbehaves like a rectifier, changing the ac voltage into
&. When the batteryis being discharg~ that is, it is supplying power to the system, the
converter operates as an inverter.
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In the rectifier mode the converter controls the voltage across the battery or the charging
cument. The voltage and nmking currentare adjusted for the desired charge rate. The
converterconverts the ac voltage to de by firing the thyristorsso thatthe voltage from each
of the transformerwindings sums to thatneeded to cause the desired charge currentto flow
in the battery.

In the inverter mode the converter essentially chops the de current into segments, and
builds a voltage wave that is an approximationof the normal ac system sine wave. In the
case of the Chino battery, a “36 pulse” converter is used.

The converter c?ausespower to flow into the ac bus by shifting its waveform ahead of the
wavefm of the bus voltage. It charges the batteryby making its waveform lag the bus
voltage. Reactive power is delivered by making the magnitudeof the waveform largerthan
that of the bus voltage and reactive power is absorbedby making it smaller.

Convertm axenormally given ratingsin MVA, but this rating only applies at rated voltage.
Converters am, in nxdity, current-limited devices. A converter can be used to provide
active or reactive current or a combination within its current handling capability. Because
real and imaginary curmt am in quadrature, the square mot of the sum of the squares of
the reactive and active currents must remain within converter current capability.

A 10 MVA converter can thus supply 7 MW and 7 MVAR, 8 MW and 6 MVAR, etc. at
rated voltage. Figure C-2 shows the active and reactive current relationship in a converter.
In this example the converter can provide reactive power only when it is operating below
its rated active power.
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Figure C-2 The total currentis the vector sum of
the active and reactive currentand must be within
the converter cumentrating.
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+ EACITVE—

(Ca+4Msl\

(u’c%am)
Figure C-3 A modest increase in converter
rating will provide a large reactive power
capability.

For example, as shown in Figure C-3, increasing the converter MVA (or current) rating by
15% will allow it to provide reactive power up to 57% of the battery MW rating while
operating at its MW rating. The battery can supply or absorb reactive power, and can
provide a ‘dynamic’ reactive range of 114% of rated power in this example.
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controls

Figure C-4 Abattery system has two
levels of control, one to drive GTO firing
circuits,and one to issue the nxl power
setting.

The battery control system has two levels as shown in Figure C-4. The ‘inner loop’
provides high speed regulation of the battery power. For instance, if the battery is being
controlled to a certain power level, the controller will adjust the GTO fting pulses so that
power level is maintained even when the bus voltage is varying. It will also go into a
current control mode when a drop in voltage would require converter current to go above
the converter rating to hold power.

The inner loop may also include voltage control circuitry. This circuitry adjusts ftig
pulses to the GlOs so that the converter will produce or absorbreactive currentas needed
to regulate bus voltage. Again, the controller will go into a current control mode if the
GTO curnmt would have to exceed GTO rating in onler to hold the desired bus voltage.

The G1’7) based converter, effectively, synthesizes a waveform that is either larger or
smaller in magnitude than the bus voltage, and either leads or lags the bus voltage. The
voltage and power level control circuits operate simultaneously to control the magnitude
and phase of the waveform respectively. A larger magnitude delivers reactive power to the
bus while a lower magnitude absorbs reactive power. A leading voltage delivers active
power to the bus (discharge mode) and a lagging voltage absorbs power from the bus
(charge mode).

The converter controls mus~ however, keep total current in the GlOs within their thermal
capability. When converter loading is high, one or both of the currents must be limited so
that the total curnmt does not exceed the converter rating (see Figure C-2). An additional
circuit is used to decide whether the converter provides active power or reactive power
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when loading is high. In most applications active power will be given priority. Hence as
the active power is increasa the reactive current capability will decnxwe, reaching zero
as the active power reaches the full rating of the converter. However, in some applications
it maybe useful to give reactive power priority when voltage drops excessively. This must
be done cautiously, because the drop in active power may, through increased line loading,
increase line reactive power losses by more than is provided by the converter. In most
cases there will be a net gain until the battery power is down to about 75% of converter
rating.

The ‘outer loop’ control is slower, and typically is no more than a desired power level
signal mxived from the system control center. If it is provided by an AGC system, it will
be similar to the raise and lower signals sent to generating plants. It may also be just a
time clock that ‘schedules’ the battery charge and discharge times so as to coincide with
system peak load and low load periods respectively.

The outer loop may also include a stabilizer. The stabilizerwould modulate batterypower
when oscillations in line power or frequency occur. The batterypower will be modulated
in step with the oscillations so that it provides darnpingpower. The batterypower would
oscillate around its power setting until the oscillations subside. If the battery is being
discharged or charged at the time of the oscillations, the average battery power will be
reduced by the oscillations. Large oscillations which cause battery output to alternate
between maximum charge and maximumdischarge will reduce batterypower to zero until
the oscillations subside.

Flicker Conlrol and Momenlwy Battery Overload

One potential benefit of a batteryis its ability to improve power quality through control of
voltage. Flicker is one of the most common power quality problems. The word tlicker
comes km the fact that voltage variations are visible in the output of lighting fwtwes.
However, while variations in light output m a IEal problem, variations in voltage also
cause malfimctions in computers, electronic process controls, and similar devices that
industry depends upon for high productionrates and product quality.

A batteryconverter equipped with a voltage regulatorcan vary its reactive outputrapidly
enough to ccnmxtmost voltage variationsthatwould troublecustomers. However, as noted
earlier, the converter loading, including real and reactive power, must remain within the
converterrating. A modest incnmse in convertercapacity is thusrequiredif reactive power
and voltage control are to always be available.

Though increasing the converter rating to allow it to provide reactive power will usually
be very cost effective, it may also be feasible to utilize the momentary overload capability
of a converter to regulate voltage. Though a converter cannot be overloaded in the usual
sense of the W4 it will withstand overloads of 120% or more for times of 1 to 2 seconds.
The thyristors have little mass, and thus heat up quickly when overloaded. This limits their
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Figure C-5 A batteryconverter can significantly xeduce flicker, thus eliminating one of
the most common power quality problems.

inherent overload capability to 1 or 2 seconds. The maximum loading is limited by the
ability of the GTO to turn-off current. Overload duration beyond 1 to 2 seconds would
mqdre a higher capacity converter (larger or parallel GTOS) or a significant change in the
GTO and heat sink design.

Because the duration of most types of flicker is well under one secon~ the thermal duty
caused by exceeding the continuous current limit will be small. A converter may thus be
able to control flicker nearly up to the GTU current turn-off limit while operating at or
very close to its continuous rating. Figure C-5 shows a typical flicker pattern, and the kind
of improvement that the converter could make. Note that the voltage excursion magnitude
is reduced modestly, while the duration of the larger excursions is nxluccd greatly. l%is
is because voltage excursions that cause flicker are usually large rapid changes and the
converter cannot change its reactive output instantaneously. However, within a fraction of
a cycle, the converter output is changed and restores voltage. Reducing the duration of a
voltage excursion is just as effective as reducing its magnitude.

If the converter rating is made somewhat larger than required to deliver the battery rated
power, and the extra converter capacity is not used to supply reactive power on a
continuous basis, the ability to handle flicker will be larger. The converter can make
occasional excursions approachingits curnmt turn-off limit so long as the excursions are
short and the accumulated effect on G’10 temperatureis not excessive. Figure C-6 shows
both the increased converterratingto provide reactive power, and the additionalmomentary
operating range that might be provided without exceeding the GTO turn-off cummt level.
Where there will occasionally be a series of voltage excursions over a shortperiod of time,
the converter capacity reserved for flicker must account for the accumulative heating tim
the several excursions.

One type of flicker that has a durationthat is usually longer thanone second is large motor
starting. Large motors can take several seconds to stat The frequency of starting is
usually low, however, the durationmay exceed the thermalcapability of the converterwhen
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F@re C-6 Battery converters can be sized to provide reactive power
and can also endwe momentary reactive overload.

it is operating near its continuous rating.

Harmonics

Because the waveform of the converter is not a perfect sinusoid (see Figure C-7a), the
converter generates some harmonic current. The harmonic current is caused by the
diffenmce between the converter waveform and the system voltage waveform. The
difference between the converter voltage and the system voltage (see Figure C-7b) causes
a sawtooth current to flow. This sawtooth current can, mathematically, be described as the
sum of a collection of sinusoidal currents. Though the converter does not in fact generate
the individual harmonic currents (it generates only the sawtooth current), it is convenient
to consi&r it as doing so.

If these currents are excessive, filters can be installed on the ac bus to absorb them locally
ratherthan allow them to flow furtherinto the network. The faltersare either an inductor
and capacitor in series or simply a capacitor, and provide a low impedance path for the
harmonics so they won’t flow furtherinto the network. The permissible harmonic levels
are detailed in IEEE Standard519.
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(a) (b)

F@re C-7 (a) Waveform generated by a 36 pulse converter.
(b) Comparison of the converter waveform with the normal 60 Hz waveform.
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APPENDIX D

MUTUAL EXCLUSIVITY

As a matter of nomenclature the reader must be careful to observe that battery storage
systems and their application to the power system possess certain attributes or

characteristics. Each of these attributes, individually, or in combination, provides certain
benefits that may help justify the installation of a battery.

While each of the individual benefits might be the sole economic justification for a battery,
typically a battery is going to have to provide several benefits in order to be justified.
However, there are instances where operating a battery to provide one benefit will prevent
another tim being mdized. We refer to this condition as a mutual exclusivity.

This means that operators may at times have to pick one benefit or another and operate the
battery accordingly. It also means that in battery justitlcation studies we may not be able
to give the battery credit for both benefits or may have to discount one of them.

We examine several examples of mutual exclusivity in the following paragraphs:

Transformer tife

Battery storage systems can change the loading pattern of distribution substation
transformers. The impact will be:

● reduced loading during the peak load period,

● increased off-peak loading for battery recharging, and

● a higher average loading because of the battery turn-around losses.

The change may occur daily, during certain seasons, or just when there is a local T&D

equipment outage. If it occurs often, and changes the loading pattern on transformers, the

transformer life may be Mated. Considerations and questions may include:

● how often the load pattern is change~

● how much the maximum mnsformer hotspot temperature is affected,

● how transformer top oil temperature is affec@
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● how much reduced thermal cycling occurs, etc.

It is clear that this is a complex question. Reducing the peak loading may reduce the
maximum hotspot temperature and reduce thermal cycling, but it will increase the average
transformer temperature. Further, if the load pattern is changed only infrequently, or if the
effect on life is just a few years one way or the other, transformer life may not be a
signMcant factor in the battery benefit evaluation.

System LOSSRe&tion

System loss reduction is fully available only if batteries are not used to defer transmission.
The load leveling that nxluces transmission losses also facilitates transmission deferral, and
it is likely that some defend will occur where batteries are used for load leveling. If
transmission is deferred by load leveling, and batteries axe spotted in modest sizes to
maximize the defem average line loading will increase. For modest load leveling and
T&D equipment deferral, the loss reduction will be reduced, but will still be positive.
However, in the limit with complete load leveling, every line will be loaded around the
clock close to its thermal mting. Only forced and maintenance line outages will limit line
loading. Ax@ if batteries are used to backup T&D outages, the loading can be even higher.
Under this scenario there will be fewer lines, but average line loading will be very high and
losses will be up to about 35% higher than without the extensive load leveling from
batteries.

Voltage Regulhlion and Voltage Stubili~

Though the reactive power available from a battery with a converter rating equal to the

battery power rating can provide si~lcant reactive power at intermediate and low active

power levels, the benefit may be insignificant if the battery is cycled often and thus spends

most of the time at full discharge or ~ charge power levels (where it cannot provide

reactive power).

A battery used ptiarily for spinning reserve would float much of the time, and could thus
provide reactive power. However, because active and reactive power demands may
coincide, the reactive power horn a nominallv rated converter may not be deemed useful.

Spinning Reserve

If a battery is used for load leveling, and is operating at full output, it is not available for
spinning reserve. It thus cannot be given credit for load leveling benefits and spinning
reserve. On the other hand, if it is operated at partial outpu~ the difference between the
operating point and full output is available for spinning reserve. In this case, after a
spinning reserve event, there will be less charge left for load leveling.

Some studies have shown that it may be practical to design a battery with an oversized
converter so that the battery could occasionally (a few times per year) be discharged at a
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higher rate and thus provi& spinning reserve while providing load leveling. A battery can
be discharged over about 1 hour with only modest loss of life, so a “50 MW 4 hour
battery” could provide up to 200 MW of spinning reserve for one hour or 100 MW for two
hours early when fully charged. If it is used for load leveling at 50 MW, the energy
available for spinning reserve would drop as the day progresses.

With flooded cells, the current practice is to discharge the battery routinely only to about
a 20% charge level. This type of battery can, however, be discharged fully a few times
per year without significant loss of life, and thus can provide about 1 hour of spinning
reserve after being “fidly discharged” in load leveling service (i.e. a 4 hour battery could
provide an extra hour).

The above indicates that them is some room for a battery to provide both spinning reserve
and load leveling benefits. However, thexe is also some potentially significant mutual
exclusivity that should be recognized in battery evaluations.

T&D Deferral Versus Genemtion Benefits

The application of batteries for T8zD equipment deferral presents a rather significant
opportunity for postponing capital cost expenditures. In this use the battery would be
employed to defer the installation of a new line or substation transformer.

However, the mutually exclusive condition arises when this same battery is considered to
defer generation, provide generation spinning reserve, or improve economic operation
through load leveling. The main question is whether the local peak coincides with the
system peak. If it does, discharging a battery during a T&D outage would inhenmtly cover
any need for the battery to cover a generation shortage or provide load leveling. Similarly,
discharging the battery for reasons associated with the generation would also cover a T&D
outage. However, if the local peak occurs after the system peak, the battery might be
discharged to cover a generation problem and then be unavailable to cover a T&D problem
later (or vice versa if the T&D peak precedes the system peak).
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APPENDIX E

TYPES OF LEAD-ACID BAITERIES

Lead-acid batteriesare available in two types: the “flooded-cell” or the “sealed’ lead-acid
battery, technically described as a “Valve Regulated Lead-Acid” or VRLA battery. The
flooded-cell is the oldest and more commonly used lead-acid battery type whereas the
VRLA is a more resent derivative of the flooded-cell type.

Flooded-cdl batteries contain the electrolyte within their case in liquid form and are
commercially available in a wide range of applications in several sizes. Historically, this
type of batteryhas been the preferredchoice for utility applications due to its commercial
availability. However, due to its flooded-cell design, these batteriesnquire water addition
as part of their regular maintenance. In contras~ the electrolyte in the VRLA battery is
immobilized either as a “gel” or absorbed in a glass mat between the positive and negative
plates of the cell. This allows the battery to be sealed and ~moves the need for water
addition during its operating life. Its sealed construction offers greater flexibility in
conilgtuing the layout of the battery energy storage plant while reducing O&M costs.

The flooded-cell batteryis b to “breath” to the atmosphere through openings in the lid.
Appropriate filters and a flash arrestor are installed to capture toxic gasses and hydrogen
that are evolved in small quantities during charge/overcharge conditions. The VRLA battery
is sealed from the atmosphere and almost all hydrogen and oxygen evolved are trapped
inside to recombine and form water that is reused by the battery. However, under some
operating conditions gas could be generated faster than it can combine inside the battery.
This excess gas is vented to the atmosphe~ through a one-way valve that operates in the
2 to 5 psi range. Figures x and y show the schematic comparison of flooded and VRLA
batteries and the schematic of a VRLA battery.

The 10 MW/40 Mwh battery at Chino, CA, owned by Southern California Edison, as well
as the 20 MW/14 Mwh battery recently purchased by Puerto Rico Electric Power Authority
are both flooded-cell batteries. The 210 Kw/420 Kwh battery purchased by San Diego Gas
& Electric for a commuter trolley peak-shaving demonstration is a VRLA battery and was
chosen primarily for its low maintenance and smaller footprint dictated by the limited land
available at the site. A comparable flooded-cell battery would not be able to meet either
of these requirements.

E-1



COMPARISON OF FLOODED-CELL AND VALVE
REGULATED LEAD-ACID BATTERIES

ELECTROLYTE

A FILL CAPS —

POSITIVE LIQUID

VENT

t
IN l-l

1
ln-

ABSORPTIVE NEGATIVE
PLATES ELECTROLYTE SEPARATOR GLASS MAT PLATE

92A2000.03 .\\\\\\\\\\\\\v\\\\\\\\ ~~ ?msm$x?$:.~:;*$i/i..$J.



m
I

CA

<<\.:yv:>.\\.\Y< x :

POSITIVE
PLATES

.; .......... .~,..:~>,:,:...~,:...

ABSORPTIVE
GLASS MAT

NEGATIVE
PLATE

VALVE REGULATED LEAD -ACID BATTERY

VENT

LA d

REACTIONS

DISCHARGE

Pb + Pb02 + 2H2s04 ~ 2PbS04 + 2H20

92A2000.02
CHARGE



Power Technologies, Inc.

APPENDIX F

SENSITIVITY ANALYSIS

DETAILED RESULTS



TABLE F1

ESllMATEDVALUEOF BENEFmAmBmrERYCCx7S
m

HnBmWAMmwYW)oo

&slJMED ENIEfwslzE= 7,500 KWH; SW

m
TUTAL VALUE

SMm4GS M(WH

ANNUAL
EATERY

=,756
243a

2!X,W2
258,113
267,606

27W67
2m,765
265,460
305,581
316,173

265,713
296m
307,820
319,779
XQ172

345,122
356,656
3zzm
307,s7s
408,018

419,156

436,021
453,644
47mo
491,3(M

511,416
532?432
554,394
577,344
601,327

31
32
33
35
36

37
36
33
41
42

36
40
41
43
44

46
46
50
32
54

56
58
60
63
66

66
71
74
77
80

256,573
257,737
256,854
2W226
S1S54

262343
264,384
265,910
X7*4W
269,150

270,661
272666
274,s79
276,553
276,617

459,260
461,131
463,067
465,130
467,266

469,497

471,826
474,266
476,812
479,474

43U54
485,160
488,107
491,370
434,667

Z826,107

1887
1386
W66
20W
2ml

61,602
62*376
63,1m
64,0Q1
64915

0
0
0
0
0

=,973 136,163
=,425 144,401

36,897 W699
37,391 157,630
37,907 164,786

2002
2003
2004
am
2006

65S
66#04
67/312
66#66
69,866

0
0
0
0
0

36,447 17U01
36,010 179,=
39,568 186,046
40315 186,510
40,656 205,Wf

2007
2006
2008
2010
2011

71,119
72,321
73,5A
74*8Q
76,264

214,5Q4
224s1
=,342
244,666
255,807

77,696
79,197
80,764
82,400
64,111

267,423
279,457
29m3
m5,174
318,S)7

2Qi2
2013
2014
mls
2016

2017
2018
2019
2oeo
2021

65,6W
67,766
89,718
91,757
$3,669

333,256
348,255
363,926
360,m3
307,416

2ce
2ue3
2(M

2026

86,116
86,444

10Q676
108,418
lmo74

667,972

415,300
433,868
453,518
473,%27
43!5253

206,603 8056,127NH P.V.
(1883$)

o 2,932,703 381

$15.45 M (1933)
$223 #ldNll(1393)

15
0.28%
$178 kvvtl(lQ!x3)
@Jo lkW(186q

$513,742 ($1,397)
($1,s7)

$300,0%’ ($1,997)
$1,364,467 ($1,307)

fll,!aw)
WZ,?7 @o12)

.

.
.
.
.

. $300 hcWll(199Q)
$1,501 /kw(16m)

l.alBENEFIT- RATIO



TABLE F2

ESTIMATEDVALUEOFBENERISANDEAITERY-
FoR

WWEFsHmata.L~

JsSUMEDMllERY6RE= 7,500 KwH ; 5HR6

1887
1888
1888
2000
2001

2002
am
2004
2005
2006

2007
m8
2ooe
2010
2011

2012
2013
2014
2015
2016

2017
2010
2019
2Um
2021

20@
2oe3

2a26

NH P.V.
(19S3$)

61#OQ o 35,973 138,183
0 36,425 1U,401

63*186 o 35,897 mm
64,031 0 37S81 157,5S0
64,915 0 37,907 154,785

65$39 0 38,447 lml
66,804 0 39,010 178,%0
67#12 o 38,588 168,048
88!865 o 40,215 186,510
68,868 0 40,858 205,353

71,119 214S94
72#21 224s1
73,576 234,342
74,8W 244,688
76,284 255,807

77,698 267,423
79,197 278,457
80,m mow
82,400 305,174
84,111 318,807

=,886 333258
67,766 348s
88,718 363,826
91,757 =,303
9Q,8m 397,416

86,116 415,300
=,444 433,W8

lt33876 453,516
103,416 473,827
106,074 495253

657,972 0 206,503 Z058,127

235,756
243s2m
250,982
258,113
267.608

276,487
285,785
285,480
30591
316,179

285,713
266,572
m7,92i
319,779
-172

345,122
356,655
3ZZ7Q6
367P
403,018

419,156
436,021
453,644
4Z3060
491jU15

511,416
e432
554,384
577,344
601,327

2$32m3

vahleofunwnmd Enafgy
Ethi4d Bamlycqlit#cosl
Bamrysabaq)evahu3
Bamry SheuMe(Yeas)
BqBIyo&M
—m—d==Y=@=m--
~PC+BOP@litdCOst
(a)GamatOn. C@tal Deflamd
(b)Tmnsm&km .
(c)DMhlmOn. q-~~
EshaEld Batk31yCapMcost
EabmaadPCSISOPC@alCast
~BamlyR@Xammtca6t
~-~~-
E@llkmt30Ywlifacost

. $15.45 M (1993)
= $140 /lWWl(19@3)
.
. 15
. 0.2s?6
. $112 /kwh(188Q)

w Il(vu(lma)
: $513,742 ($1,887)

($1,887)
= S3W*2 ($1,887)
= $la145 ($1,887)

. $715?511 @,987)
= sl,838,6m =012)
.

. - AAW@80)
$1.1= AW(1880)

1.27

NET ANNunl
VALLE EAllERY
$KwHCa6T

31
32
33
s
36

37
38
38
41
42

38
40
41
43
44

46
48
50
52
54

56
58
m

:

68
71
74
77
80

208#886

i?lom
211,951
213,053

214&?4
215,436
216,707
216,032
219,417

ZZ377
223,858
225,610
227*3W

341,184
342638
344,556
346,355
348=

350,184
352#4
=,366
356,525
356,964

=1,48
363,864
=,633
369,4=
372S38

361 Z312,047



TABLEF3

ESTIMATEDVALUEOF8EIWRlSnND eWTERYm61S
IuR

MBERSmM#8m.L~

~ 6A11’ERYSIZE= 7500 KWN; 5HR3

RAcKwP/ NEr ANNUM
~NUAL SAVl~ RELIABILITY TurM VMUE BAllERY

YEAR GENERAm ~ DiSTRIBUllON CREIXT SAVINGS $/KWN C06T

16e7
16B8
136e
m
2001

2002

2001
2om
2008

2007
20W
2om
2010
2011

2012
2013
2014
2015
2016

2Q17

2018
2019
2020

ml

m
2Q3
20W
2W5
2oe6

NET P.V.

(1993$)

61,5U2

63,1*
54,031
64,915

0
0
0
0
0

=,973
36,425
35m7
37,361
37,W7

138,183
144,401

23,758

250,982
259,113
267,608

278,487
285*785
S,460
3q591
316,179

285,713
236,572
307.920

31
32
a
35
36

37
a
39
41
42

38
40
41
43
44

45
48
50
52
54

56
58
60
83
86

68
71
74
77
80

205561
206,348
207,181
208,051
208,981

209,911
210,ffl
211,942
213,026
214,150

215,349
218,567
217,880
219,231
220,644

250,613
251,725
252@8
254,103
=,373

256,700
258,087
256,535
261,050
W633

284?286
256,014
287,620
268,707
271,673

167,660
184,786

65s9
66,804
67812
68m
66,368

0
0
0
0
0

38,447
39,010
39,599
40215
40,658

172201
m,wo
188,048
196,510
205,s3

71,119
72,321
m,578
74@2
782?84

214,5Q4
22431
234,342
244,888
S4B17 3Q172

346,122
358,655
3Z3796
367,575
408,018

419,155
436,021
453,644
4n(Mo
491X

511,416
!xp432
554,394
677JM4
60L327

77,638
79,197
80,764
52,400
84.111

257,423
279,457
29&@3
305,174
318,807

86,898
87,788
89,718
91,757
93m

3X%258
348,266
363,826
380,303
307,416

66,116
m,444

10Q876
10Q,418
106,074

415,300
433,989
453,518
4n,927
465!253

2,W2J03 391667,972 Z06,603 Z056,127 2054,314

vahleofunaanmdEnaqy
EdknamdBatb3fycqitFdco8t
Bak3fysahqevaba
BfaMy6hE# Ub3(Yea’a)
BatmryO&M

~-!2R%5LJc6@Eicoat
(a) GmaIWM“ capiq DRikmd
(b)Tmmdaubn
(c)DiamaOn“ w-~~

. $15.45 w (W&3)

. 14 /kvhl(13w)

. 20%
= 10
. 0.2W
= 112 AVW(1W3)
= 200 h(vv(1993)
= $51a742 ($1,307)

($1,*7)
= S300,2 ($1,W7)
= $lm145 ($1,367)

($1,687)
: $1%,= &@7)
- e415#852 mo17)

= $212 kvvll(lm)
$1,058 lkw(19q

1.428ENEFlTza6T RATIO



TA6LE F4

ESllMATEDVALUEOFBENERTSm MITERYCcSIS
FOR

MBER3Hwam~

~ EKITERY61ZE= 7,500 IWH ; 51-m

BACK4P/
~UALSAVIN~ REU4BILTY TLX’

YEAR WERATKM ~ D13TRiBUT10N CREDIT 3AvlNGS

NH ANNUAL
VALUE RnlTERY

=,973 138,183
W125 1U,401
38,887 lx1886
37,391 157,680
37,807 164,786

1387
1838
1868
2000
2001

2002
2m3
2004
2005
2om

2003
2010
2o11

2012
2013
2014
2015
2016

2017
2016
2019
2oa3

w

2024
2036

N= P.V.

(1990$)

61,602

63,186
64,001
64s15

o
0
0
0
0

23,758
243203
250,682
258,113
267.606

31
32
33
35
s

155,785
156,583
157,336
158$268
158,175

38,447 172@
38,010 1B,850
38,538 188,048
40215 136,510
4C,358 205,353

278,487
2M*765
285,480
305,581
316,178

37
38
33
41
42

160,125
161,110
la158
163al
184,374

0
0
0
0
0

71,119

73,578
74&2
78=

214,534
224251
234,342
244,888
255,307

286,713
265,572
307,320
319,773
alz?

a
40
41
43
u

185,558
mqm
188*08e
163,441
170,853

77,636
79,197
80,764
82,4CQ
84,111

287,423
278,457
282@3
305,174
318,807

&15,122
356,656
372796
387,575
403,018

46
48
m
52
54

282S31
253,084
264,204
255,364
266,578

333,256
348S
383,926
380,303
397,416

419,156
4S,021
453,644
4R060
48L3LX

287,843
269,167
2X),551
271,887
273,5(B

65s8
67,768
88,718
91,757
s@6

B,116
W,444

lm&8
lm,416
108,074

415X
433,m8
453,518
473,827
435=

511,416
=432
654,334
577*
601,327

68
71
74
77
80

275,086
276,736
278,461
280,262
=145

1,742*1887,972 0 208,803 Z(K8,127 2,832J03

. $15.46 A(wh(1833)

. $140 MlWl(186q

.
= 15
. O.z%
= $84 MM’I(13W)
e $200 Adkq183Q)
= $613,742 ($1,837)

@,887)
= $30q& ($1,867)
= sla146 ($1,887)

= ($1,887)
= $lZZ mo12)
.

. $ln /kWl(133t3)
@w /kw(lwm)
1.66BENEFIW06T RAm



TABLE F5

ESTIMATEDVALUEOF BENEFl13ANDBAllERYW6TS
m

NABmSmMam.LYwxm

1887
1886

2000
2001

2002
2003
2004

2006

2007

2m
2010
2011

2012
2013
2014
2Q15
2016

2017
2018
2019
m
2oel

=
Xm
2024
2oe5
2oe6

NETP.V.
(1993$)

~ MTERY 31zE- 7mKWH;

BAcKuP/
~NUAL SAVl~ RELIABILIV

GENER4~ ~ DISTRIBUTION CREDIT

61,602 0 ?5,973 73,787
0 36,425 n,lo8

63,188 0 38,897 80,577
54,ml o 37,381 84,203
84,915 0 37,907 87,882

65W o %,447 91,852
66)304 o 39,010 86,080
87,812 0 39,593 1CQ,414
68,866 0 40!215 104,933
68,966 0 40,856 108,655

71,119 114,589
72,321 119,746
73,578 125,134
74&2 130,765
76?254 136,650

n,688 1Q798
79,197 149=
80,764 155,840
82,400 1QS7
64,111 170@o

85,896 177,%3
87,766 185,861
89,716 184,3m
91,757 203,074
83,8W 21f&M3

96,116 221,m2
W,444 231,742

lalm W170
1W,418 =,058
106,074 284,455

5NRS

TCmL
sAvlNGs

NH
VALUE

171,362
175,908
180,680
1s,628
190815

186=
201,804
207,826
214,014
220,480

185,7m
18XS7
186,712
2W,857
21a914

220,497
2Z,422
m,m
245,357
254,401

263,851
2RI,727
284,047
294,832
W6,101

317JU8
3X),185
343,046
356,4@5
370,630

557,972 0 m,m 1,088,m 1,973,6?5

. S&25 ALwh(1883)

. $140 ACW?I(19W)

.

. 15

. 025%
. $112 /kwll(1883)

$200 AIW(19S3)
: $513,742 ($1,907)

($1,s7)
= $3U2,0% ($1,987)
= $1=145 ~1.w)

($1,807)
: $lE,Z ($?012)
.

* $20c?IlWm@33)
$1,006 /kw(lw3)

B
a
24
25
25

26
27
28
29
28

25
26
26
27
a

28
m
32
33
34

s
36
38
s
41

42
44
46
48
49

ANNUAL
BAllERY

174,048
174,845
175,677
178,!W8
In,m

178,407
179,400
180,436
181,523
1Q556

183,840
165,078
186,371
187,722
169,135

X)3&5
303,956
305,328
306,751
306,237

309,790
311,413
313,108
314,881
316,733

318.668

32U04
325,013
327,321

283 1,866,781

BENEFITC06T RAmo 1.00



TABLE F6

ESTIMATEDVALUECX BENEFlmAND E411ERvC061?3
FOR

mBERwAMmm.L~

ASUMEDBATTERY3KE= 7Skl KwH;

RAcKuP/
~NUAL 6AVlN~ REUABILTY

YEAR eERAlKx4 TMwMBmNDBTRIBLmoN CREDIT

1997
lam
1869
m
2001

2ooe
20W
2004
20W
2008

2007

2006
2010
2011

2Q12
2013
2014
2015
2016

2Q17
2018
2019
2020
2oel

m
2023

2025
2026

N= P.V.
(lam$)

61,80Q

63,186
64,(M
64915

65838
66m4
67s12
68&5
69,966

71,119
72,321
73,5?8
74,802
76264

77,698
79,197
80,784
82,400
84,111

858W
87,766
89,718
91,757
83#888

86,116
96,444

100,8Z
10Q,418
106,074

0
0
0
0
0

0
0
0
0
0

=,973
36,4=
%,897
37,391
37,807

38,447
39,010
39,568
40,215
40,856

41,530

42,966
43,733
44s

45372
46,247
47,162
48,118
48,117

5Q160
51,251
-1
53,582
54&!5

56,127
57,466
58,807
80,391
61,842

138,183
144,41
150@8
157,680
164,786

lzqzol
178,s0
188,046
186,510
20%353

214,594
224s1
234,342
244,886
255,907

287,423
279,457
282@3
305,174
318,807

333-
346,s5
363,826
380m
397,416

415@o
433,m9
4539518
473,927
485253

5HRS

NJTM
!MVIWS

235,758
243gcn
250,m2
259,113
267,6m

276,467
285,765
285,460
W5,581
316,1~

327$43
338,805
350,887
363,512
376,708

3m,494
404,802
419,958
4%,692
e134

469,316
487271
506,035
525,842
546,132

567,544
589,919
613,=1
637*735
663259

667,972 0 380,063 2058,127 3,116,162

BENEFrrco6-r RKno

. $15.45 Mwll (1993)

. $141 /ldMl(lwQ)
=
. 15
. 025%
. $112 lkvqlm)
. S200 W1893)
= $513,742 ($1,897)

($1.997)
- $300,2 (s1,997)
= $1=145 ($1,867)

. ($l,W)
- $1?%% ($Z012)
=

= $202 xl-)
$l,om AMJ(1893)

1.58

NH ANNUM
VALLJEwlERY
$KwHC=T

31
32
33
35
a

37
36
38
41
42

44
45
47
46
50

52
54
55
58
60

63
65
87
70
73

75
79
a
85
88

174,046
174,845
175,677
176S48
177,457

178,407
ln,400
180,438
161,=
l&?556

183,840
185,076
185,371
187,722
189,1%

302865
3a3,m
305,3m
305,751
306237

309,790
311,413
313,1ce
314,681
316,733

318,668
320,691

325,013
327s1

415 1,956,781



TABLE F7

ESTIMATEDVALUEOF BENEITISAND BAITERY_
FOR

wwER%AM#8m.L~

AsuMED BATERYSUE= 7J500KWH;

mCIGUPl
~NUALSAVIN~ RELLABILIY

YEAR GENERAm ~ DISTRl~ CREDIT

1697
1968
1966
2000
2001

20@
2003
2004

2008

2007
2U08
2m
2010
2Q11

2012
2013
2014
2015
2016

2017
2018
2019
2020
2021

NET P.V.
(1393$)

61,80Q o
0

63,186 0
64,031 0
64,915 0

=,973
38,425
38B7
37@l
37*W7

65A39 o
66#04 o
67,812 0
66J385 o
89,96S o

71,119
72S21
73,578
74=
75264

77*6W
79,197
80,784
82,400
84,111

85!898
87,768
89,718
91,757
=,889

98,116
98,444

100876
1~,418
108,074

667,972

38,447
39,010
39,599
40,215
40,858

41,530
42!232

4m6
43,733
44,535

45,372
46,247
47,162
48,118
49,117

50,180
51,251
a391
53,582
64$26

56,127
67,488
58,907
60S91
61,942

390,fX3

vabaofufwfvadEnalgy
=m-d---
Wmysdbllgavalua
Barely SllalfUa(vam)
Batbwy06M
EEhfdad Barely~~t
EatinaMPc+BoPcqitd coat
(a)Ganamkm“ cqita!Dafiamd
(b)Tmnmiadm
(c) D@ibmOn“ &!%~~

~--~
EahatadPC%xlPcapital co6t
~---
Eaknabdwk31y2nd mpkxmntC4xt
EqAdantmYa+xl.ifacoat

73,787
77,108
El1677
84#2m
87=

91,952
66,030

100,414
lo4,@3
109,855

114,689
119,746
126,134
1%,786
136,650

142799
149,225
155,940
1W957
170#230

177,-
185,981
194,330
203,074
21~13

221,782
231,742
mln
253!068
264,458

5HRS

NET ANNUM
lwrAL vu BAITERv

SAVINGS m m
—. —

171=
17W)3
180,880
1=,628
190#15

lsm
201,W4
207,828
214,014
220,480

mm
234#299
241,679
243,390
257,448

26W69
274,886
283&5
2W,475
303,517

314,012
324,978
336,4m
348,413
380,928

374,006
387,672
401,963
41W78
4s2472

l,099,axl2,157,036

$825 Awtl(1993)
m Ikwll(ww)
m%
10

0.25%

.

.

.

.
=
. 1=8 tlcVuh(1966)
a 400 /kw(1993)
= $513,742 ($1,997)

($1,997)
= S30000% (s1,997)
= $1,994,487 ($1,997)

($1,997)
: $1?A?4 &qlo7)
- e865,m W017)

= $231 kvwl(wm)
$1,453 MhN(lm)

0.78

a
a
a
s
26

26
27
a
29
29

30
31
32
33
34

s
37
36
39
40

42
43
45
46
48

50
52
54
68
58

m

298!208
299,s3
3W,951
=416
W3,947

305,646
307s18
m8,965
310,790
31Z698

314,724
316,807
318,984
321=
323,636

290,010
261,616
2W,293
205,046
a6,8A

298,7W
300,793

305,088
307,351

309,737
31Z230
314,835
317W
320,403

2634,731



TABLE F8

ESTIMATED VAIUE OF BENEFITSANDSAITERY STORAGECOSTS
FOR

PIAMERS #8 EGYPT

ASSUMEDSATIERY SIZE= 22,0m KwH ;

SACK-UP/
—ANNUAL SAViNG~ RELIABILIY

YEAR GENERATION TRANSMISSIONDISTRISUllON OREDIT

1887
1888

~

2002
2003
20@l
2005

2006

2007
2008
2Q08
2010
2011

2012
2013
2014
2015

2016

2017
2018
2019
2020
2021

m
2023
2024

2026

N= P,V.
(1883 $)

180,688
162,971
185,345
187,826
180,418

183,127
185,958
196,917
202,008

205238

208,815
212,143
215,630
218,582
223,708

227,916
232,312
236,808
241,707

246,725

251,866
257,448
263,172
268,155
275,407

281,841
288,768
285,803
303,358

311,151

1,858,385

64CV252 o
M8al o
655,713 0
885,503 0
874,688 0

684288
684,318
7C!4,601
715,75S

727J202

3,677J?O0 o

Valueof Uneewed Energy
mirrlawsattalyoapital coat
SattarySalvage Value
Batteryshelf Ufe(Yeera)
Ba!taly06M
EeiimatedSalteWReplacmmntC@
EwmatedaPcaPiicosl
(a)GenemiionOapitalDeffered
(b)TmnemiadonCapitalDeffered
(c)DistributkmCapitalDeffered
EanfnatadBatteryOapitalC@
EaumatadPos+soP capitalcost
EalimatedSattwyR@acemnt Cc@ “
Eahated SatteV2ndR@acamntCoel
Equivalent30YearLifeC@

BENEM/CX3ST RATIO

28!235
27,416
28,854
28,838
31268

32$84
34,185
35,7m
37!308
38,888

40,743
42,576
44,482
48,484
48,587

50,n3
53,058
55,445
57,840
80,548

834!72
88,12U
68,085
72J?04
75,453

78,848
82!387
88,105
88,880
84,028

380,755

4 HOURS

TOTAL
SAVINGS

847,167
858,688
870,707
883J?58
886,3S3

910,108
824,442
838,420
855,W2

871,428

248,358
254,719
280,322
266,177
mm

276,688
265,370
282,352
288,648
307?272

315?240
323,586
33237
341,358
350,880

N13 ANNUAL
VALUE RMTERY
$’1Owl OosT

——

380,780
371,185
382,008
383,338
405,178

——

6,027,341 274

m
38
40
40
41

41
42
43
43
44

11
12
12
12
12

13
13
13
14
14

14
15
15
16
16

16
17
17
18
18

. $1.00AoJvtl(1883)

. $140 /lcwh(1883)
= 20%
= 15
. 025%
= $112 llWll(1883)
. $200 /lcvv(1883)
= $1,506,975 ($1,887)

$5,338,510 ($1,887)
= ($1,887)
= $3,572,s ($1,887)

= $1,311,770 ($1!887)
= $5,685,568 ($2,012)
.

. $211 /kvvh(1883)
$842 M(1883)
1.00

536,085
538,563
541,141
543,835
545,851

548,584
552,668
555,882
558240

58Z748

555,416
570?247
574J252

5m:

916,073
820,144
824,388
828,845

833,481

836,346
843,420
848,722
854,283
850,053

866,104
972,427

978,034
885,838

883,154

6,022,416



TABLEF8

ESTIMATEDVALUEOF BENEFITSANDBAllERY STORAGECOSTS
FOR

PLANTERS #8 EGYPT

ASSUMEDBATIERY WE= 22,000 KwH ; 4 HOURS

BACKUP/ NH
—ANNUAL SAVINGS RELIABILTV TOTAL VAIUE

YEAR GENERATION TRANSMISSIONDISTRIBUTION CREDIT SAVINGS WWli

1997
1898
1999
2000
2001

2002
2oa3
2004
2oa5
2006

2007
2008
2008
2010
2011

2012
2013
2014
2015
2016

2017
2018
2019
2020
2021

2022
2023
2024
2025

2026

NH P.V,
(1983$)

——
180,699
182,971
165,345
187,826
180,418

183,127
195,958
198,917
202,008
205238

2U8,615
212,143
215,830
219,682
223,708

227,916
232,312
236,905
241,707
248,72s

251,868
257,446
263,172
269,155
275,407

281,841
288,768
285,903
303,359
311,151

1,859,385

640252
648,301
656,713
685,503
674,889

684288
694,318
704,801
715,755

727202

738,164
751,664
764,727
778,378
792,643

807,549
823,127
839,406
856,417
874,184

892,770
912,183
932,469
953,688
976,821

898,971
1,023,163
1,048,443
1,074,861

1,102,468

0 131,177 852,128
0 137,080 868,352
0 143#9 985,306
0 148,695 l,oa3,023
o 156,431 1,021,538

163,470 1,040,885
170,827 1,061,103
178,514 1,082?231
186,547 1,104,310
194,842 1,127,382

2m,714 1,151,493
212,881 1,176,688
222,461 1203,017
232,471 lm,w
242s33 1?259284

253,865 1#289,330
26W88 1,320,728
mm 1,353,539
288,702 1!387,826
302,738 1,423,657

316,362 1,461,100
330,588 1,500227
345,475 1,641,116
361,021 1,583,844
m~67 1,628,486

394#4 1,675,156
411,985 1,723,916
430,524 1,~4,871
449,898 1,828,118

4m,w3 I ,883,762

43
44
46
46
46

47
48
49
50

51

52
53
55
56
57

59
60
62
63

65

66
68
m
72
74

76
78
81
83
86

ANNUAl
BATrEFfY

636,085
53a,563
641,141
543,835
546,651

543,594
55a89
555,882
559?240
562,749

566,416
670,247
574J?52
578,436
582#02

916,073
820,144
824,389
928,845
333,491

838,346
843,420
848,722
854a3
960,053

966,104
9Z427
979,&34
985,838
993,154

—— —
6,842,484 0 1,953,778 — 493 6,~418

value of Ul?selved EneIgy
Eefheted BMefy CepM coat
Battery salvage value
Battefy Shelf Life(Yeare)
BattaryO&M
EaflmatedBattaIYReplacementCc&
EefitnatedPctBoP capitalCoef
(a)GaneratfonCapitalDeffered
(b)Tmnemknm‘ CapitalDeffered
(c)DiabibufionCapii Deffered
Ee6matedBatterycapitalCoet
EatimatadPOS+BOPCapitalcoat
EaUmetedsattwy ReplacementCcst
EMmatedBattary2ndR@acmentCvef
Equivalent30YearLifeCoat

BENEFIWOOSTRATIO

. $5.COAwtl(1883)
= $140 /kwh(1993)
= m%
= 15
= 025%
= $112 Adtvh(1993)
= $200 AW(1993)
= $1,506,975 ($1,897)

$5,339,510 ($1,897)
= ($1SW)
= $3,672,9: ($1,987)

= $I,3JI,770 ($1,897)
= $5,686,588 ($2,012)
=

= $211 /kwh(1893)
$842 /kw(1883)
1.80



TABLE F1O

~MATEDVALUEG BENEFll?3ANDEATERYSTORAGE COSTS
FOR

sMlLA#12 LAWS BRIDGE

A!3SUMEDE41TERYSG!E = 9,000 w ; 6HOUR3

eAcK-lJP/
~NtJAL SAVIN~ RELL4BILTY ~M

YEAR GENERAm TWWWSON D18TFUBLITION~ SAVINGS

N13 ANNUM
VALUE BA1-rEm
$KwHWsT

35,973
36,425
36,897
37,361
37,907

85,861
66,725
63,763
97,982

la361

1%,756
201,002
2U6,463
212211
218,197

2?
z
23
24
24

25
26
28
27
a

:
26
27
a

29
30
31
s
33

34
36
37
a
40

41
43
45
47
48

2ol#67

203,771
204,m
205,827

206,925
208,073
203&2
210,525
211,835

213g203
214,633
216,128
217,689
219,321

S55,492
355,387
356,548
36Q,lm
*1$65

353,667
355,526
387,475
353,508
371,633

373W
376,17s
378,600
S1,134
383,762

1637
16W
1833
2m
2001

73,622
74,852
75=
76-
77@8

o
0
0
0
0

20W
2008
2004

2U06

76,007
80,165
81,375
8&40
83.661

0
0

:
0

36,447
39,010
39,s9
40,215
40,858

106,999
111,814
116,845
“1Z103
127,596

224,452
inc@69
237,820
244,958
=417

2m7

2ooe
2010
2o11

85,342
86,788
8W94
69,870
91,517

0
0
0
0
0

133,340
136,340
145,611
lg183
156,010

218,683
226,126
233,905
242?003
m,m

2012
2013
2014
2015
2016

93238
85,037
95,916
98,880

100,$33

0
0
0
0
0

166,166
173,843
181,457
169,m
1=,156

2!s,404
268,880
278,374
286,5m
a,m

2017
2018
2019
2oeo
2oel

207,073
216,361
22a,129
236,3&
248,638

310,151
321,710
333,790
346,413
356,61X

103,078
105,319
107,661
110,109
11Z667

o
0
0
0
0

2023
2004

2oe6

1t5,339
118,133
121,s1
124,101
127=

o
0
0
0
0

258,a51
263,663
281,738
294,479
W,730

3WB0
W7,795
a?#43
418,580
-,019

—.
W1$566 o Z36,603 lm!835 qi97,006 254 2al ,083N= P.V.

(1993$)

= S8.00 hodl(19s3)
. $140 Atvnl(1993)
.
= 15
= O.a%
. $112 kwtl(lm)

$200 W(1693)
I $616,490 ($1,997)
. ($1,697)
= $300,2 ($1,91W)

$1,50M73 ($1,907)
($1$67)

: $??%z ($2,012)
m
. $166 /kvvh(1683)

$1,175 AW(1993)
. 1.00BENEFITCOST R4TI0



1987
19W
lwe

2001

2002
2003
2004

2006

2m7
2006
20W
2010
2011

2012
2013
2014
2015
2016

2017
2018
2019
2020
2021

20W

2025
2025

N= P.V.
(1993$)

TA8LEF11

~MATED VALUEOF BENEFtT3ANDEWTERY~E -
m VIDALIA

ASSUAE13BATTERYSIZE= 217,000 I(WH ; 7HIXJR3

1,762,349
1s)4,757
l@q173
lm643
1,678,215

lm,m
l,q661
lS6m41
1,882s
80X,402

2J157,m
2W501
Z126,686
Z166,W
ZaX#m

Z246,076
2?291,441
Z336,756
2!364,115
Z433,6CQ

Z486,316
2S39,&57
2S5,831
Z664,645
~716,615

mo,961
W48,m
Z918V662
z6Q2a
3,069,077

434,(K6 36,973
439,526 36,426
445226 36,697
461,168 37,391
467,415 37,807

36,447
39,010
39,599
40,215
40,656

—

2225,476
2!325,625
Z430278
Z638,640
%=,924

Z773,%1
2s96,162
3,026,566
3,164,864
3,307,272

3,456,100
3,611,624
3,774,147
3,943,964
4,121,463

4,3rW29
4,500,741
4,703,274
4,914,921
5,136,0S3

5,367,217
5,606,742
5,661,136
6,124,666
6,400,S36

6,666,629
6,969,513
7,a4,041
7,632,723
7,976,186

4,477,668
4,606,332
4,740,677
4,660,m3
5,027,461

4,716,734
4BA,m
5,030,208
5,197,604
5,372632

5,513,602
5,704,126
5,903,013
6,110,650
6,326,041

8,655,0CK
6,~W2
7,040,032
7299,036
7,569,695

7,652533
8,146,088
8,456,W6
8,ZW,731
9,117,022

9,4@,4w
9,637,819

loam
10,624,847
11,046272

19,326,656 1,432,366 206,&M 33,146,731 64,112X3

BENEFITCOST RATIO

. $6.60 /kwil(1883)

. $14#vtll(1883)

.

. 15

. Om
$112 lldAh(1893)
S200 M(1893)

$14,664,256 ($1,987)
$3S20sm ($1,887)

$300,000 @l,897)
mm,715 ($1,887)

= $7~,615 (s1,887)
= $56,080*7 ($2012)
.

. $192 /kwh(1983)
$1,341 M(w(lw)

1.00

NH ANNUAL
VALUE BATTERY
w COST.

——
21 4,747,688
21 4,768s1
22 4,791s
22 4816,436
23 4,640,077

22 4m,627
22 4,692,736
23 4,%X1656
24 4,860B1
26 4,W0,949

26 5,013,036
26 5,046,671
27 5,061,614
26 5,118,233
29 5,156,500

30 8,436,807
31 8,473,464
32 8,508,670
34 8,647,924
35 8,567,eel

= 8,629,247
36 8,672,674
38 8,718,C54
40 8,~,477
42 8Bj5,W

44 8,686,620
46 8,82Q,W7
47 8,977,480
48 9,036,667
51 9,0@,343

.—
249 64,061,315



1667
1666
13W
2000
2001

2003
2004

m

2006
2010
2011

2012
2013
2014
2015
2016

2017
2018
2019
2020
2oel

202
2om

=

NET P.V.
(1993$)

TABLEF12

E3TiMATEDVAUJEOFBENEFITSANDEAITERY~ ~
FoRvlDALIA

M3SUm EAllERY31zE= 217,000 I(WH ; 7 HaJR3

BmKuPl
~NUAL 6AVlN~ FHIA81L7Y 10TN

GENERAm ~ DISTRlalTDN ~ 6AVIW

NET ANNUM
VALUE BKITERY
$lKwNCo6T

1,782#43
1s804,757
M28,m
1#652$43
1878,215

l@4,368
l.s=l
1,662JM1
1,6%?035
ZOM,402

w57,702
2@2!501
Z126,865
Z186,W6
2@8,578

U48,0X
=1,441
%338,758
a384,115
Z433,802

2,485,316
&539,357
2g@5,831
2@4,845
Z716,515

Z780,861
@wo8
Z918,682
Z93ZZ?5
3,0EQ,077

4M,066
433*526
44W8
451,188
457,415

463,623
470,ZM
477,830
485,267

501,127

518j458
527,713
537,364

547,430
558,051
569,088
580,621
LW26X3

805,267
616,4a
%181
646,554
861,573

677267

710,808
728,718
747,&

35,973
36,425
36,897
37,391
37,W7

38,447
39,010
39,593
40,215
40,656

41,530
42232

43,733
44,535

45,372
46,247
47,182
48,118
4ql17

50,180
51,251
52@l
53,562
54,826

56,127
57,466
58,607
50,381
61,642

645,841 i3888,332
676,054 2s6,781
708,43 3,016,775
736266 3,0m,493
771,490 3,145,027

806@7 3s13,512
642@ 3m,m
680,3W 3#359,m6
920,018 3,438,022
361,416 3,519,5W

1,U)4,680 3,6@5,039
1,046,861 3,694,225
1,067,138 3,787,425
1,146,507 3&4,819
1,168,100 3,3a,5Q6

1,252,014 4,0%?%2
1,308,= 4$?04,095
l,367,al 4,320,239
1,426,758 4,44MOQ
l,433,&o 4,556,441

1,560,238 4,7CQ,381
1,630,446 4,633,485
1,703,818 4,6%$221
1,780,430 5,1s,471
1,860,612 5~,527

1,644,340 6,458,695
2031,835 5,631,238
~123,288 5,811,884
2218,815 6,000,148
&316,861 6,197,115

19,326.658 4,708,780 390,063 9,6%,678 34,(X56,157

vahJeofunsenmdEnefgy
Ealima#Batb3ryc@tai co6t
8stkHy3alvqevahm
Bak3ry6hawUftl(Yeas)
13qaty06M
=-—dB-fY~-
Esthamd Pc+K)Pcapitdcost
(a) Gammtkn CqmalDafkmd
(WTXKI?~~
(c) ~
Esthna@d~Capital Cost
EslimmdPC%BOPCapitd cclst
EWnmedBatmy R@acammcust
EWnamd8ataly2nd R@awmentcost
E@@ant30Yw LifeCost

.

.
.

.

$250 kwtl (1993)
$140 llcwll(1933)

15
0.25%
$112 kwll(lwq
$200 I%wm93)

$14,884,258 ($1,967)
$3,620,000 G1,367)

($1,6!$7)
$31%Y5 ($1,967)
$7S,615 @l,667)

$56,03037 ($Z012)

w%? lkwll(1966)
$1.s4 Ikw(lm)

13 4,747,666
14 4,789,231
14 4,731 #58
14 4815,436
14 4#40,077

15 4,665,827
15 4#62,738
15 4,620,656
16 4,W~l
16 4,860,346

17 6,013,038
17 5,046,571
17 5,081,614
18 5,116,233
16 5,156,500

19 6,438,807
19 8,473,454
20 8,509,870
20 6,547,924
2* 6,667,531

22 8,829,247
22 6,672,674
23 8,718,W4
24 8,765,477
24 8,615,@3

25 6,886,820
26 8,920,W7
27 6,9~,420
28 9,008,567
26 9,0m,343

157 54,051,315

BENEFITZ06T RA~



TABLE F13

ESTIMATEDVALUEff BENEFITSAND~lTERYCOSTS
m w~

AsSUm EATTERYSlzE= 218,000 KWH ; 5-

NH ANNUAl
VALUE EATERY
SKwHCc6T

1,790,!s3
1A13,074
l#6w,598
1,861,181
1,886,870

1,913,715
1,941,768
l,971,m
&ool,718
Z033,731

2$67,184
21=144
Z138,678
Z178,852
U16,746

2258,436
z30mol
8347,527
Z395,101
2,444,817

&a,759
Z551,080
Z607,793
2&7,080
z729,m4

Z766,77%
&861,432
%=132
3,008,014
3,fX3,z31

220,W2
222m
Z?5,686
228,710
231&7

o
0
0
0
0

W!3,706
U53,676
Z668,S1
Z768,678
Z914*168

4,454,304
4m,548
4,730,879
4,8A,569
5,032@5

1697
1698
16W
2000
2001

2ooe
2003

a

2007
2008
20W
2010
2011

2012
2013
2014
2015
2016

2017
2018
2019
2oz0
2021

m
B
m
=
2oe6

NETP.V.
(1993$)

20
21
22
22
23

5,1Y58,W4
5,cm2,148
5,106,353
5,131,648
5,158,081

236,165
238,613
24Z215
245,980
249,913

3,045,306
3,182*W5
3,325,550
3,475,200
3,631,584

5,194,1*
5,m725
5,538,849
5,W897
5,915,228

24
25

z
27

5,185,704
5,214,569
5,244,734
5,276,256
5,309,195

3,795*OO5
3,965,781
4,144,al
4,330,732
4,=,615

5,qlXl
6,067,924
6=917
6,507,584
6,7&L361

27
28
28
30
31

5,343,619
5,379,591
5,417,182
5,466,464
5,497,513

4,729,s7
4,942,W
5,164,478
5,336,880
5,838,738

6,967,~
7244,065
7,5124EX
7,791,981
8,0M,556

32
33
M
36
37

8,797,466
8,835,323
8,874,881
8,916,219
8,959,417

5,893,528
6,158,736
6,435879
6,726,494
7,0a,141

8,390,297
8,709,~
9,043,672
9,W574
9,757,175

38
40
41
43
45

9,004,569
9,M1 ,732
9,101,028
9,152,542
9,206,376

7,344,408
7,674,9@
8,020~
8,381,163
8,758Jk13

10,138,184
10,X+6,338
lo,em
11,387-
11M1,563

47
48
50
52
54

9&2,6Xl
9,321,416
9,382,848
9,447,045
9,514,130

19,415,719 lj?63,723 36s7,107 57.op 262 57,167,755

. $8.40 M (mm)

. $14&kwl@33)

.

. 15

. o=
$112 kwl(wq
$200 lkw(1333)

[a) Gm3mbon“ Cwilallldfaed $14,632766 ($1,997)
$lm,cm ($1,097)

@l$87)
$36,385,6% ($1,887)

= $lo,3e8,m2 ($1,667)
= S56S48,717 &o12)
.

. $202 lkwmw)
$1XE18kw(lt!eq

laoBENEFrTcmT RN-K)



TARLE F14

ESIWWEDVMUE OF BENERT6ANDMlTERY~
FORw~

MSIJa EATERY SIZE= 218,000 KW14 ; 5HOUR3

BKK-UPI
~NUAL3AVl~ FELIABILTY ~AL

GENERATION ~ cnsTFu~ CIUllT Svlm

1,760,563
l#13,074
l,836@8
19661,181
Imm

NH
VALUE

AMIIAL
EATmw

Cc6T

5,W8,W4
5,U146
5,1OWY53
5,131,648
5,158,061

1687
1W8
1663
m
2001

2002
2003

220,032
222738
225$86
2a,710
231,867

0
0
0
0
0

678$19
708,=
74Q660
774m3
808,147

z88e,l14
Z744,%!5
2m3,247
W,164
z827,m

12
13
13
13
13

lm715
1W1,788
l,971,tB3
2@l,718
Zfxww

0
0
0
0
0

845,558
883,606
623,371
664*823

1,006*

14
14
14
15
15

5,185,704
5a4,566
53?44,734
5mm
5@6,166

2005
am

2008
2m6
2010
2011

2012
2Q13
2014
2015
2016

2017
2018
2019

Z087,184
2102144
21=,678
z176&2
U1G746

254,024

%2%
287s1
27WQ

1,(53,720
1,101,137
1,150,668
lm463
lm,580

W74,=
3,461,601
q552173
3&5*822
q745mo

15
16
16
17
17

5,343,619
5m,561
5,417,182
5,455,464
5,467313

W,436
Z3CQO01
ZM7,527
a,lol
~444,817

ms

286,474
264,320
300,429

1313,126
1372@7
1,-,s7
1,438,495
l#555,3e6

3#48,tM6
3#57,066
4,LE9*m
4,187,917
4311,174

18
16
19
19
20

8,767,453
8,835,323
8,874,881
8,916Z19
8,350,417

a436*75a
2551,060
aacw,m
Z657,060
Z723,0M

305814
313,465
320,457
327,742
335,355

l,6wi34
1,710,032
l.m,w
l&7&@
1,951,431

4,4m,977
4,574,577
4,715,233
4=219
5,015,820

20
21
22
22
23

9,004,558
9,051,732
9,101,028
9,152,s42
9m,3752a21

2022
2m

ax
2oe6

NET P.V.
(1333$)

V38,m
2#61,432
za132
3,00&o14
3,m3,220

343311
%1,625
380,313
363,33Q
376879

m36&5
Z131,011
2Z?6,807
2&7,117
z431m

5,175,332
5,344,066
5AH9,352
5702523
5W,W7

24
25
25
26
27

9282,53)
9,321,416
0,362,646
9,447,045
0,514,1m

19,415,719 Z185885 10,108,CX5 31,XJ7,61O 146 57,167,755

. S261 M (19W)

. $140 AWII(1333)

.

. 15
* o-

$112 ANWI(1633)
$200 IWV(1363)

$14,a755 @,867)
$lK,OW ($1,397)

(s1,897)
$36335s2 ($1,867)

= $lom762 ($1,887)
= $55,346,717 =012)
.

* $202 kvMl(1868)
$l,OW Ikw(lm)

0.56BENEFrrca6T RATIO



Distribution

ABB Power T&D Co., Inc.
630 Sentry Parkway
Blue Bell, PA 19422
Attn: H. Weinrich

Alaska Energy Authority (2)
P.O. Box 190869
Anchorage, AK 99519-0869
Attn: D. Denig-Chakroff

A. Sinha

American Electric Power Service Corp.
1 Riverside Plaza
Columbus, OH 43215
Attn: C. Shih

Argonne National Laboratories (3)
CTD, Building 205
9700 South Cass Avenue
Argonne, IL 60439
Attn: C. Christianson

W. DeLuca
K. Myles

Arizona Public Service
P.O. Box 5399
Phoenix, AZ 85072
Attn: R. Hobbs

AT&T Energy Systems
3000 Skyline Drive
Mesquite, TX 75149
Attn: M. Bize

Bechtel
P.O. Box 193%5
San Francisco, CA 94119-3965
Attn: W. Stoke

Best Facility
321 Sunnymeade Road
Somerville, NJ 08876
Attn: G. Grefe

Bonneville Power Administration
Routing EO
P.O. BOX 3621
Portland, OR 97208
Attn: J. Ray

C&D Charter Power Systems, Inc.
3043 Walton Road
P.O. BOX239
Plymouth Meeting, PA 19462-0239
Attn: S. Misra

California State Air Reaourcea Board
Research Division
P.O. BOX2815
Sacramento, CA 95812
Attn: J. Holmes

Charter Power Systems, Inc.
3043 Walton Road
P.O. BOX239
Plymouth Meeting, PA 19462-0239
Attn: S. Misra

Chugach Electric Association, Inc.
P.O. BOX196300
Anchorage, AK 99519-6300
Attn: T. Lovas

Consolidated Edison (2)
4 Irving Place
New York, NY 10003
Attn: M. Lebow

N. Tai

Corn Belt Electric Cooperative
P.O. Box 816
Bloomington, IL 61702
Attn: R. Stack

Decision Focus, Inc.
650 Castro Street, Suite 300
Mountain View, CA 94041
Attn: S. Jabbour

Delco-Remy
7601 East 88th Place
Indianapolis, IN 46256
Attn: R. Rider

EG&G Idaho, Inc.
Idaho National Engineering Laboratory
P. O. BOX 1625
Idaho Falls, ID 83415
Attn: G. Hunt



Eagle-Picher Industries
C & Porter Street
Joplin, MO 64802
Attn: J. DeGruson

East Penn Manufacturing Co., Inc.
Deka Road
Lyon Station, PA 19536
Attn: M. Stanton

Electric Power Research Institute (4)
3412 Hillview .Avenue
P. O. BOX10412
Palo Alto, CA 94303
Attn: S. Eckroad

R. Schainker
P. Symons
R. Weaver

Electrotek Concepts, Inc.
P.O. BOX16548
Chattanooga, TN 37416
Attn: H. Bamett

Eltech Research Corporation
625 East Street
Fairport Harbor, OH 44077
Attn: E. Rudd

Energetic, Inc. (3)
7164 Columbia Gateway Drive
Columbia, MD 21046
Attn: J. Hurwitch

D. Baker
C. Matzdorf

Energy Systems Consulting
41 Springbrook Road
Livingston, NJ 07039
Attn: A. Pivec

Exxon Research Company
P.O. BOX536
1900 East Linden Avenue
Linden, NJ 07036
Attn: P. Grimes

General Electric Company (2)
Building 2, Room 605,
1 River Road
Schenectady, NY 12345
Attn: D. Swarm

E. Larson

General Electric Drive Systems
1501 Roanoke Blvd.
Salem, VA 24153
Attn: C. Romeo

General Motors
Tech. Ctr. Engineering West, W3-EVP
30200 Mound Road
P. O. Box 9010
Warren, MI 48090-9010
Attn: M. Eskra

Giner, Inc.
14 Spring Street
Waltham, MA 02254-9147

Attn: A. LaConti

GNB Industrial Battery Company (3)
Woodlake Corporate Park
829 Parkview Blvd.
Lombard, IL 60148-3249
Attn: S. Deshpande’

G. Hunt
J. Szymborski

Hawaii Electric Light Co.
P.O. BOX1027
Hilo, HI 96720
Attn: C. Nagata

Hughes Aircraft Company
P.O. BOX2999
Torrance, CA 90509-2999
Attn: R. Taenaka

Integrated Power Corp. (2)
7524 Standish Place
Rockville, MD 20855
Attn: T. Blumenstock

D. Danley

Firing Circuits, Inc.
P.O. BOX2007
Norwalk, CT 06852-2007
Attn: J. Mills



ILZRO (2)
P.O. BOX12036
Research Triangle
Park, NC 27709
Attn: J. Sharpe III

R. Nelson

Johnson Controls Battery Group, Inc. (4)
5757 N. Green Bay Avenue
P. O. Box 591
Milwaukee, WI 53201
Attn: P. Eidler

R. Miles
T. Ruhlmann
W. Tiedeman

Johnson Controls Battery Group, Inc.

12500 W. Silver Spring Drive
P. O. Box 591
Milwaukee, WI 53201-0591

Attn: J. Zagrodnik

Lawrence Berkeley Laboratory (3)
University of California
One Cyclotron Road
Berkeley, CA 94720
Attn: E. Cairns

K. Kinoshita
F. McLamon

N.E.T.S.
P.O. BOX32584
Juneau, Ak 99803
Attn: T. Neubauer

National Renewable Energy Laboratory (2)
1617 Cole Blvd.
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